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Abstract

In current survivability studies, the nuclear
bursts are treated as independent events. Using this
method, the effect of thermal radiation from one fireball
at a time is studied. This treatment does not consider
the cumulative effects of receiving thermal radiation from

/ more than one fireball at a time. The purpose of this
2

T hi s thesis-weéyto dev?kﬁﬁcawsfyﬁuter grogram to model the

N awiien

results to those ‘from the noncumulative case.

Ehe scenario studied was the Peacekeeper Dense
Pack missile system. The missile field was subjected to a
walk attack of 2 MT Qeapons every two seconds. Cﬁh&%é}ming

22 il R EE s S EE

error of the incoming RV was modeled using a 1l0-cell @ir=3p (* /4 p N

cular error probable (CEP)C&feiiifoﬁhd the desighated'

_

ground zero, and the probability of damage due to an RV

was calculated using a cumulative log=-normal distribution

function., —...

it

) misscle shin )
In orde\‘;o model theétemperature rise of the

BeE 99 S5

missile skin, an energy balance was made over a unit area
of skin surface and then solved using the thin skin approxi-
mation and finite differences.. The resulting equation

gave an expresslon for the skin)temperature at a time t

I

e e




((: 1 '
.\\»

after the first burst detonated. The maximum temperature
reached was Eheﬁzﬁéed to calculate the probability of
t

damage to the missile skin. ————.

R N
it

To model cumulative thermal effeé??f?g&e amount of
thermal radiation emitted from each burst was added
together to calculate &hax;kin temperature. This method
resulted in temperatures &hat-weredsignificantly higher

p v
than éhe temperatures calculated for each burst indepen-

v
dently. @‘ensequentl.y.,) gumulative thermal effects\proved
to have a greater region of no survival than noncumulative

thermal effects and also blast affacts.
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CUMULATIVE THERMAL EFFECTS IN A
MULTIBURST SCENARIO

I. Introduction

Background

A nuclear weapon releases a large portion of its
energy in the form of electromagnetic radiation. This radi-
ation, which is emitted within a microsecond after the blast,
is called primary radiation. Since the primary radiation
is emitted at tens of millions of degrees, it is in the
soft X-ray region of the electromagnetic radiation spectrum.
Thaerefore, for a low altitude or surface burst, the radia-
tion is almost imme<diately absorbed by the atmosphere. As
a result, the air is heated and forms a fireball that in
turn emits thermal radiation in the ultraviolet to infrared
regions of the electromagnetic radiation spectrum. This
secondary thermal radiation travels a long distance from
the burst in a short time. The fraction of the bomb yield
that is emitted as effective thermal radiation (primary
plus secondary) depends on the height of the burst, the
total yield, and other weapon characteristics.

As the thermal radiation travels through the air,
it diverges and is attenuated by absorption and scattering

processes with air molecules and other particles. These
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processes depend on the wavelength of the radiation and
gtmoapheric conditions that vary with altitude and the size
and density of the interacting particles. Thus, the amount
of thermal radiation incident on a target is determined by
the total energy yield, the height of the burst, the dis-
tance from the target to the burst, and the changing charac-
teristics of the atmoaphere. |

At the target, a fraction of the incident thermal
radiation will be absorbed. For a given surface material,
only a small amount of the absorbed enerqgy will be dissi-
pated away from the surface by conduction, convection, or
re-radiation. Therefore, the absorbed snaergy is contained
in a shallow depth of the target skin, resulting in high
temperatures that could damage the skin material. The pur-
pose of a survivability study is to determine what this
skin temperature will be in order to predict the target's
probability of survival. 1If the skin temperature is above
the sure-kill temperature of the skin material, then the
probability of survival will be zero., If the temparature
is below the sure-safe temperature, the probability of aur-
vival will be one.

In current multiburst scenarios, the thermal effect
due to each burst is treated as an independent event, mean-
ing that the temperature rise of the target skin is con=-
sidered to be the result of thermal radiation emitted from

only one fireball. For a series of bursts, the temperature

" paemn e vt vt S A 4 St i 5.4 S Sttt 1 s SRt Y PSSR ST SO S | YR § S AT A P -




-

L
L
;
i
;
E
[
L

‘-3

rise would be monitored individually, resulting in a proba=-
bility of survival for each burst. The probabilities would
then be combined to arrive at a final probability of sur-~
vival for the target. This method of treating bursts as
independent events will be called the noncumulative case.
The cumulative case ia the case of considering the tempera-
ture rise of the target skin to be the result of receiving
thermal radiation from more than one fireball at the same

swime.,

Problem and Scope

The purpose of this thesis project was to develop
a computer program to calculate the skin temperature rise

of a missile subjected to cumulative thermal effects from a

series of bursts occurring during the missile's flight.

The probability of survival for this case was then compared
to the probability calculated for the noncumulative case to
demonstrate the need for considering cumulative effects.
Furthermore, since blast effacts are generally considered
more lethal than thermal effects in the noncumulative case,
the cumulative results were also compared to results from
noncumulative blast effects to determine if thermal radia-
tion bacomes the kill mechanism. During this research,

na effort was made to vary the threat conditions or to
optimize the probability of survival for a missile.

Instead, the intent was to show that treating each burst
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as an independent event gives results that severely over-
estimate a missile's probability of survival,

The burst-target missile system studied was the
Peacekeeper close-spaced basing (CSB) system, more commonly
known as Dense Pack. Although this system is no longer
being considered for national defense, it is useful for
showing the differences batween the cumulative and noncumula=-
tive cases. The configuration of the missile field is shown
in figure 1. The field is subjected to a walk attack start-
ing at silo #l1 and proceeding every two seconds to silos
#2, #3, #4, and so0 on. The basic scenario studied was that

of a missile launching at the same time as silo #1 is hit,

Assumptions and Limitations

The following assumptions or limitations were made
to simplify the analysis:

1. Cratering and blast s«ffects produced by the
burst are not modaled.

2, The fireball is considered to be an isotropic
point source of thermal radiation. Furthermore, the point
source is assumed to be centerad at the top of the rising
dust cloud created by the fireball.

3. The am~unt of scatter and absorption of thermal
radiation in the air is quantified by using the trans-
mittance t, which is the fraction of direct and scattered

radiation transmitted from burst to target. An expression

PR N O WA PP PN R B RPN Nl ey [R5 ‘5‘ PV DICSIEINN AR TN “, [MATE M TN PR Y (5 K blgl ELITY
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for v as & function of slant rangs will be developed from
data presented for a cloudless atmosphere with a visibility
of ~20 km (Glasatone and Dolan, 1977:318), This expression
for v does not amscount for the decrease in transmitted
radiﬁtion due to the dust that has been lifted into the
air.

4. The thermal conductivity and specific heat of
the missile skin material are assumed to be independent of
temperature and therefore constant during the heating of
the skin. This is a reasonable assumption for temperatures
between 619 °K and 809 °K [Touloukian et al., 1970: 1
(vol 1) and 1 (Vol 4)], the sure-safe and sure~-kill inten-
sities chosen for an aluminum missile skin. Although the
assumption is not true for temperatures above the melting
point of the missile skin, the change in material proper=~
ties 1s not important compared to the fact that melting
constitutes a 100% failure of the missile. |

5. The missile skin surface is modeled as a flat
plate rather than as its actual shape of a cylinder. This
assumption is reasonable for an energy balance made over a
square meter of skin surface. For a Peacekeepsr missile
with a diameter of 2.3 m (Youny, 1984:168), the differaence
between a flat surface and a curved surface is -~3%, as
shown in fiqure 2.

Also, the slant range from burst to missile is not

calculated for a specific point along the missile's length.
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| 4 w92 in = 2,3366n |

I I 8
: s = xb o m 2:-1n2
Aourved = Priac
surfacs surface
-] % difference =
Amnwod
r = 1,1684n surface

For a square meter of flat surface:

e = 1lm
0 = ,8844
s« 1,033

Missile cross-section % diffexence = 3,.23%

LA L SRR A 4,!3‘_ L\ {".,\- DCINARLAN ) s ¥ PRV ¥y Dol ‘.ﬁl," AL
0 PP DV e e [PPSR AN St

Fig. 2. Comparing a Flat and Curved Surface

Again, for a Peacekeeper missile with a length of 2l m
(Young, 1984:1168), the difference in slant ranges calcu-
lated from either end of the misaile would not be signifi-
cant for the distances involved.

6. The missile's position and velocity at any
time are given in figure 3. The missile has no velocity
component in the y direction and therefore flies straight
north, as indicated in figure 1.

7. The walk attack is assumed to occur with per-
fect timing and at a perfect height of burst of O m (i.e.,

a surface burst). Thui. the only aiming orrdr considered

is the RV's horizontal distance from designated ground zero,
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where designated ground zero is the location of the tar-
geted silo.

8. The probability of damage is a function of
intensity rather than range and is described using a cumula-

tive log=-normal distribution function.

9. The analysis considers only bursts that occur

on or after a missile's launch tima. This assumption

simplifies the computer simulation of the problem.

Approach
An expression for the rate of heating at the sur-

face of the missile skin was derived from an energy balance
over a sguare meter of the flat surface. This balance
included ablérption, convection, and re-radiation, but it
was later determined that re-radiation was not significant
for the temperatures of interesmt. The energy balance was
then scolved for the missile skin temperature using a simpli-
fication called ths thin skin approximation. The calcula-
tion of the maximum skin temperature for a series of bursts
involved an iterative process that modeled the cumulative

effect of more than one burst by combining the amount of

O R Al 5= EE S OBEE 3

thermal radiation emitted by each bhurst at a particular
time. The maximum skin temperature was then used to calocu-

late the probability of survival for the missile.

- EE E == B
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Presentation

The derivation of the equation for the missile skin
temperature, a discussion of how the probabilities were
calculated, and an explanation of how this information was
used to determine the probability of survival in both the
cumulative and noncumulative cases is presented in Chap-
ter II. Chapter III summarizes tha conditions and param-
eters used in this study and explains the reasoning behind
the choice of the parameters. The results of the study are
discussed in Chapter IV and conclusions and recommendations

are presaented in Chapter V.

10

RIAST A ARSI SO - A LA g Lot A RN O U ST PO T T T TR T NPT P WM TN P A

PROA A SRR




i
§
i
g
!
B
X
g
¥
i
)
!
d
i
i
?
i
¥
i

SN AU A R A A, 'L&“L_“'l PO DA ARSI, s'iotgu_lcs »_&mvi_i.}_iu.w ""?b“t"" > A AN RTINS AW P [T LT Mt NI N

I1. Theory

This chapter contains the theory used to datermine
the probability of survival of 2 wissile subjected to
thermal radiation in both the cumulative.and,nonoumulativé
cases, First, the derivation of the equation for the maxi-
mum skin temperature is praiantad, followed b& an explana-
tion of how this equation is used for a single burst. Next,
the probability of damage function and aiming error are

introduced. This information is then used to explain how

the probability of survival is calculated for the noncumula-

tive and cumulative case.
Derivation of the Egquation for
Maximum Skin Temperature

The missile's probability of survival for the
thermal threat is calculated using the maximum missile skin
temperature raeached during a burst scenario. An equation
for this temperature ias derived using an energy balance
over a unit area of missile skin surface and a simplifica-
tion known as the thin skin approximation. The followiug
presentation of the derivation is taken from McKee (McKee,
1984:1-8).

The cylindrical shape of the missile is not con-

sldered for this derivation. Instead, the missile skin is

11
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modeled as.a finite slab of thickness d, with no heat lost
from the back wall of the skin (x = d) and no heating from
air friction. The energy balance for a unit area of missile

skin surface (x = 0) in terms of fluence is:

F (2.1)

Freat = Fabsorbed ~ Foonvection ~ Fradiation

where

= Total amount of energy/m2 available to

E\
heat heat the missile skin at x = 0

Amount of incident thermal radiation
that is absorbed by the missile skin

Fabso:bed

= Amount of absorbed radiation that is
lost to convective cooling by air

Fconvection

P = amount of absorbed radiation that is
radiation = ..l adiated as IR black-body radiation
to the environment
Since this equation must hold for all times, the
time derivative may be obtained to yield the following

differential equation:

Freat ™ Fabsorbed (2.2)

= Foonvection ~ Fradiation
whare the dots indicate the time derivative or a rate.
The total amount of energy available for heating,

F » will be conducted from the skin surface through the

heat
skin thickness. If the flow of heat is assumed to be one=

dimensional and the properties of the medium are constant,

then the conduction process is described by the heat

12
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transfer equation (Holman, 1976:102):

32m(x,t) _ 1 3T(x,t) (2.3)
’ 5 K ot *
N X
! where
K = thermal diffusivity (m?/sec) = 353
AP P
H k = thermal conductivitly (J/m=s=°K)
: cp = gpecific heat capacity (J/kg=°K)
I p = density (kg/ma)
. T(x,t) = gkin temperature (°K) at depth x and time t

This eguation can bhe used to estimate the thermal diffu-

n
2 g
e e

sion time t,, .. required for heat to be conducted through
the skin thickness d (see Appendix A). The rasult is:

2

‘IE tdiff is much less than the time scale over which the
thermal pulse occurs, the missile skin will essentially be
at a uniform temperature throughout x at any given time t.

The thermal pulse time scale is t » the time of the second

max
thermal maximum. For air bursts below 4572 m, the expres-

sion for tmax is (Glasstone and Dolan, 1977:310):

t = 0.0417 y- 44 (2.5)

max

2

where Y is the yield in kilotons. Thia expression will

also be used for surface bursts. Thus, for uniform heating

13
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5

If 4 fulfilles the above requirement, then the thin skin
approximation of uniform temperature throughout the skin

thickness is valid. As an example, tmax ls ~1.18 sec for

a 2 MT burst and the thermal diffusivity of aluminum is

1 cmzlsoc, 80 that (K-tmax)'5

reasonable value for d would be ten times less than this

is ¥1.0 em. Therefore, a

valuwe, or 0.1 cm.

An expression for ih.at in equation (2.2) can be
derived from equation (2.3), the thin askin approximation,

m

and Fourier's law of heat conduction (Holman, 1976:2):

F(x,t) = -k-a—'r-%‘-;ﬂ- (2.7)

where F is the rate of heating. Differentiating (2.7)
with respect to x and substituting into (2.3) yields:

-?J_‘i%‘_;&).. 0, ﬂi{,‘-é-ﬂ (2.8)

|

@ If the thin skin approximation applies, then T(x,t) becomes

% a function of time only and the temperature at x = 0 equals
the temperature at x = d equals T(t). The above equation

L

can then be integrated over the skin thickness:

d e 4a (£)
_I '3_5_‘_ Xt dx -f JNY 3";‘ t dx (2.9)
0 X o P ot

14
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to obtain:

- . ar (&
B(0,8) - F(d,8) = o pd ‘Té‘)" (2.10)

By the definition of ﬁhoat

is lost at x = d, the final result is:

, ar (¢
Ppoat = —d-(t—?- . (2.11)

- a.
where a cpp

and the assumption that no heat

The amount of incident radiation absorbed is:

Fablorb.d "a Fincid.nt (2.12)

where
o = absorptivity of missile skin

F = radiant exposure from a burst (Glasstone and
incident po)4n, 1977:316)

te-y.4.186x20%2. 0 (02, (2.13)
4T (SR)

-CF'

tf = thermal fraction or effective thermal par-
tition: fraction of bomb yield appearing in
the form of thermal radiation = .18 for a
surface burst (Glasstone and Dolan, 1977:319)

y = bomb yield (kt)
T = transmittance of atmosphere

SR = glant range from thermal radiation point
source to missile (m)

CF = a correction factor: sin(¥), where ¥ = angle

betwaen missile skin surface and slant range
vector

15
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The energy absorption rate is:

dr
ingident (2.14)

Fabsorbea ™ ¢ dt

The convective cooling term can be written immedi-

ately as a rate as follows (Holman, 1976:112):

Foonvection ™ BIT(E) = Tayn(t)] , (2.15)

where

h = local convective heat transfer coefficient
(J/mé=g=°K)

Tair(t) - %gg?erature o: ambient air at missile altitude
The variable h depends on the velocity and temperature of
the air flowing along the missile and is calculated for a
specific point on the missile skin. Appendix E describes
how h is caloculated for a flat plate heated to a uniform
temperaﬁuro over its entire length.

The expression for the rate of black-body radiation
is (Holman, 1976:13):

Fradiation " atre) - Tair(t)4] (2.16)

where ¢ is the Stefan-Boltzmann constant = 5.6696x10'9
J/mz-s-°K4. The radiation term will be insignificant for

pkin temperatures below 1000 °K, which is the case for the

16




scenarios considered in this study. Thus, radiation is
neglected in the analysis.

Equation (2.2) can now be written as:

ar
arT(t) incident
a=gg "o at - h[T(t) - mair(t)] (2.17)

This differential equation is solved using the method of
finite differences. Choosing tmax as a finite time step,

the following replacements are made:

ar(e) | T30y
t tnax

Qrgncidwnt - AQ
. Smax

T.,+T
T(t‘.) L ] —2-2—-1'*
where the time steps are numbared as j = 1,2,3,..,,N and:

T, = ?gm§erature at the end of the jth time step
K

T, = temperature at the beginning of the jth time
step (°K)

AQ = total thermal fluence that is incident on the
missile during the jth time step (J/m2)

Specifically:

17
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where Fincidant is defined in equation (2.13) and AC'.I‘j is
the difference between the fraction of thermal enargy
emitted up to the bheginning and up to the end ol lhe jth
time step. The Zraction of thermal energy emitted at

time t, CTj, is plotted versus normalized time (t/t_ .. ) as

max
the right hand curve in figure 4,
After making the above replacements aad solving

for Ty, squation (2.17) becomes:

B tmax |y
o ['r (a = T)*'htmax g;r"' #4a] (2.19)
2" (a+ )

Thus, the missile skin temperature at the and of time
step J can be found using equation (2.19). This equation
is next used to calculate the maximum skin temperature
roached for a single burst.
Calculating the Maximum Skin
Temperature for a Single Burst

The following definitions are needed to describe
how the maximum skin temperature is calculated for a single
burat:

t = time of missile skin exposure to thermal
energy. t is also equal to the time of thermal
energy emission by a burst because radiation
travels at the speed of light.

t, - time into missile flight

1t = launch time of the missile. At lt, tm = (

18
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tb = time of burst. At tb, t » 0

= time inzo missile flight whan burst occurs

%
£y = th - 1t

Thus, two independent time lines are occurring: one defining
the missile flight and one defining the thermal radiation
emittead by & burst. Figure 5§ shows the relation between
these time lines and how j is defined for each time step

after a burst,

t = time of
exposure to
thermal radi-
ation '

0 1 2 3 3 t = time into
nissile

. [ Y
. Lo v v 14
; ? ltn ax 21:‘ ax 3em‘ t £flight

?....to...4 lts launch time
! ' the= time of burst

b 3 ; 4 ¢ Pt . thel
1t th ekt bkt t43t Bt t
J = time step ¢

v

0 max O  max 0 W max

Flig. 5. ,Single Burst Time Lines

Thﬁ procedure for determining the maximum skin
'- temparature is an iterative process that begins by calcu~
lating Tz at the end of the first time step (j = 1). To

do this calculation, the variables Tl' AQ, T , and h

air
must be known. For the first time step, Tl is assumed to

be egqual to Tair at the missile altitude at the time of

' H burst. The actual value of T, would be higher than Tair




<

due to aerodyrnamic heating, but the asaumption is good for

a slowly novinyg missile. AQ, Tair' and h are dependent on
missile and/or burst characteristics that change with time.
The missile characteristics are velocity, altitude, down-
range-distance, and the flight path angle 6, the angle
hetween the velocity vector and the horizontal plane. The
burst characteristics are cmj and the height of the fire-
ball Hfbj. If the fireball is assumed to be at the top of
the dust cloud, the following equation can be used to calcu-

late Hfbj (McGahan et al., 1971140):
Afp, = 21,640.8 (w177 [1-(1—e/t.)’1 (2.20)

where W = yield in megatons and t. = cloud stabilization
time = 240 sec (Bridgman, 1984).

Missile characteristics are calculated at an
average time tn =ty t (j"s)*tmax' the midpoint of each
time step. The altitude and velocity are then used to

calculate 7 and h., This value for h represents the

air
average amount of convective cooling that occurred during
the jth time step. To calculate the slant range (SR), all
missils characteristics are needed and the height of the
fireball must be known at time t = (J-.5)*t ... Once SR

is known, the variables CF and t can be determined. The
quantity ACTj is calculated for the time between j and i-1,
and is used with SR, CF, and 1 to determine AQ. Details on

how to calculate missile characteristics, burst

21
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characteristics, h, ¢t + SR, CF, and 1t are found in

air
Appendices B, ¢, D, E, and P,

Once the necessary variables are known, Tz can be
calculated for time step j. For the next time step, Tl
is set equal to Tz and nevw variables are determined to
caloulate a new Tz for that time step. This iteration
process is continued untili

1. 7, ia found to be less than T,. This indi=-
vates that the amount of heat removed by convective cooling
is now greater than the amount absorbed and thersfore the
skin temperature will continue to decreasa. The maximum
skin tamperature reached is the current value of T,? or

2. The number of time steps j equals 10. The
process is stopped here because 80% of the thermal radia=-
tion from the burst has been emitted, and the value of
Ac'rj would be negligible for the remaining time steps (see

figure 4). The maximum skin tempe. ature reached ias the

value of Tz at j = 10, '

The iteration process to calculate the maximum skin tempora=
ture for a single burst is summarized in the algorithm
prav-thted in table I. The maximum skin temperature is then

used t. Jatermine the probability of damage,

Curvivabili“y and Aiming Error

For thlc analysis, the probability of damage is

based on the ..re safe and sure kill intensities Inu and I.k.

22
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TABLE I

ALGORITHM FOR FINDING MaxT FOR A SINGLE BURST

1. 8Set j =], Tl - Tlir at tm - to

2. Find missile velocity, altitudo, down-range-
distance, and 6 at ty = £, + (J=.0)*¢
(See Appendix B)

Find fireball height at t = (j- 5)*t
(See aquation (2.20))

Find ACT2 for the time j=1 to j
(See Appdndix F)

3. Calculate h, 7T ) S8R, CP, and 7
(See Appcndicnl 5 D, and E)

4. Calculate AQ using equation (2.18)
5. Calculate Tz using aquation (2.19)

6. If Ty < Ty, then go to step 8
Otherwise, set Tl = Tz

7. If j <10, then § = j + 1 and go to step 2
otherwila, go to step 8

8. Maximum skin temperature MaxT = T,

23
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where intensity refers to temperature. For aluminum,

I' and I8k are chosen to be 619 °K and 809 °K respec-

8
tively (Bridgman, 1984). The probability of damage is
calculated using the cumulative log-normal distribution

function:
.2
I 1 l ;lnl~a
Py(l) j; /EwB"1 @ " ¢

where the intaensity I refers to the maximum skin tempera-

ture, MaxT. The parameters a° and B” are calculated using
I.s and I.k. By definition, if Pd(I.s) = 0,98 and Pd(I.k)
= 0.02, then from equation (2.21)1:

a* = % In(1,1,) (2.22)
I
8° = 7—tyg in () (2.23)

A more detailed discussion of Pd(I), a“, and B* is pre-
sented in Appendix G.

The probability of damage calculated using the
tamperature determined from the procedure in table I is
the probability of damage from an RV that was assumed to
hit at its designated ground zero, or at the center of the
targeted silo. However, in reality each RV will have an
aiming error that could cause it to land at a point other

than its designated ground zero. Since the position of

24
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the burst must be known to calculate MaxT, the aiming exrror

needs to be quantified. This is done by dividing the area

around a silo into discrete cells whose dimensions are

=

such that each cell has an equal probability of being hit.
Although the dimensions of these cells are fixed, the posi-

tion of the cells around the designated ground zero is not

ﬁj unique, Figure 6 shows the ten cell configuration used in
this analysis. It also shows <Py’ and <6,>, the two param-
0 etars that locate the caell centroids such that sach cell i
is of equal probability. The values of <oi> depend on the
l circular error probable, or CEP, which is defined as the
ﬁ radius inside of which 50% of the incoming RVs will hit,
The method of calculating <pi> and <91> is described in
I Appendix G.
The point defined by <pi> and <91> for cell i is

o
S

used as ground zero for calculating MaxT. 'Thus, for a
single burst, ten different burst-missile configurations
are possible and each configuration will have an associ-

ated probability of damage. The total probability of"

== zia

damage for N cells is:

Q L 3 . (Maxm) (2.24)
.\ P, = % MaxT .2

and the probability of survival is then:

d
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Fig. 6. Ten=cell CEP

The calculation of P. for a series of bursts dapends on
whether the noncumulative or cumulative case is being con-
sidered.
Seloriaiips she il of
Burst Scenario

For the noncumulative case, each burst is treated

as an independent event. Thus, the temperature rise caused

by one burst is not affected by the additional thermal radi-

. ation from a subsequent burst. Each independent event k has

26
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k calculated from

an associated probability of survival Ps
equation (2.25). The total probability of survival for all
bursts considered is then:

total #

Total _ of Eursts . K (2.,26)

Py k=l 8

Calculat;%g the Probability of
§urvIvaI or a Cumulative
Burst Scenario

For the cumulative case, each burst is not treated
as an independent event. Rather, the amount of thermal
energy emitted by each burat will affect '1‘2 through the term
AQ in equation (2.1%). Equation (2.18) can be rewritten as

an expression for AQ for a burst k:

k _ t£:y-4.186X1

AQj an (2.27)

ol2 [er¥e acr K
(8R¥)
where y is the same for each burst and the terms in paren-

theses are burst dependent. SRk, CFk, and Tk

k

are calculated
using the position of burst k, and AC’I‘j is calculated based
on the time of burst k.

Figure 7 shows the timing for a series of four
2 megaton bursts. The missile is launched at 1lt, the first
burst occurs at tbl, and all other bursts occur at two

segond intervals after tbl. All calculations for bursts

2, 3, and 4 are referenced to thé time steps of burst 1.

27
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For 2 MT weapons, t = 1,18 seconds, so the time steps

max
are shown to he lhortqr than the interval between bursts.
Because thermal energy is additive, the term AQ in
equation (2.19) will be a sum of the thermal energy emitted
by each burst that has been detonated by time t. For
example, at j = 3, the missile will be exposed to the

1

thermal energy from two burats. 4Q" will be calculated as

described in table I, using missile characteristics and
1

1

Hfbj calculated at the midpoint of the' time step, and

AC'I‘j calculated for the time between j = 2 and j = 3., For
the calculation of LQ2 at § = 3, the missile characteris-
tics will be the same as those for Acl since they are based
on missile launch time and therefore do not depend on burst
time. However, the slant range will be different bhecause
of the different position and fireball height of burst 2.
The quantity AC'I'j2 will also be different because burst 2
has not emitted as much radiation as burst 1 for the time
between t/tmax = 2 and t/tmax = 3,

For a burst k occurring at time thy (where k > 1),

k

AC'I‘j will be calculated at time t” = (tb, + j*t

max
- tbk)/tmax' For the time steps where the emission of a
burst k (k > 1) does not last the full time step, as for
y = 2, 4, and 6, the calculation of AQk is slightly altered
by finding the missiie characteristics at a time that is
the midpoint of the first "shortened" time step of burst k.

Once all the AQk's are calculated, they are added to get

29
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the total AQ, and this term is then used in equation

(2.19).

Total also changes for the

The calculation of P,
cumulative case. Instead of a series of four l0-cell con=-
figurations, now each combination of configurations must
be considered. For k bursts, each with a 10-cell CEP, a
total of 10%

10

configurations are possible and therefore
Pd(MaxT)'n must be calculated. The total probability

of survival for k bursts is then:

Jnk
Total 1 -

P =] - & P, (MaxT) (2.28)
s 0% im1 &

The equation for the maximum temperature and the
information on how to calculate the probability of survival
can now be used to develop a computer program that deter=-
mines Py for a series of bursts. However, the final ver-
sion of this program depends on parameters that are dis-

cussed in the next chapter.
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I1I. Problem Parameters

The solution to the problem of determining the
maximum skin temperature and the probability of survival for
a missile required a number of specific burst and missile
conditions and also the choice of certain limiting param-
etars. These conditions and parameters are summarized in
table II. The remainder of this chapter explains the
reagsons for choosing the parameters listed in table II and
also describes how the calculation of the maximum skin
temperature was adapted to solution on a computer.
g%g%ﬁ%%%.tho Maximum Number

The maximum number of bursts affecting the missile,
maxb, is an important quantity becsuse it determines the
number of burst-missile configurations that need to be con-
sidered in order to calculate the probability of survival
for the missile. For each burst with a 1l0-cell CEP, a total
ot 10mAXb configurations are poasible and therefore 1omaxb
maximum skin temperatures must be calculated.

Because the missile is accelerating and rising away
from the fireballs, it is possible that an upper limit to
the number of bursts exists. Any bursts occurring after

this limit would not raise the skin temperature further.
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TABLE II

CONDITIONS AND PARAMETERS CHOSEN FOR STUDY

gystem:
Close-Spaced Basing, or Dense Pack (see figure 1)

Threat Conditions:
Walk attack starting at silo #1 and continuing every
2 seconds on successive silos
Weapon Yield: 2 MT
Height of Burst: 0 m
For surface bursts, tf = ,18
(Glasstone and Dolan, 1977:319)

Missile Conditions:

Missile velocity, altitude, down-range-distance, and
flight path angle shown in figure 3 as a function
of time

Skin material: Aluminum
K= 0001l m¢/s
P = 2700 kg/m3

cp » 9500 J/kg-°K
= ,50
Igs = 619 °K
Ik = 809 °K ‘
Skin thickness: d = ,00l m

P:ogabilit¥ Conditions:
RV aiming error only for ground zero 1l0-cell CEP

Probability of damage based on intensity and calcu~
latod using the cumulative log-normal distribution
!u?cti?n g
.Pd I" - .9
Pd(I.k) = .02

Paramsters:
Maximum number of bursts considered: maxb = 4
Maximum number of time steps needed: 11
Heat transfer coefficient calculated at X, " 5.5 m
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This upper limit can be estimated gquickly for any missile
by calculating Tz for a series of bursts and assuming that
each RV lands at its designated ground zero (i.e., at the
center of cell #1 or a l-=cell CE#). Appendix H shows that
the astimated upper limit to the number of bursts was found
to be eight, requiring the maximum skin temperature to be
calculated 10a times. However, in the interast of reducing
the amount of computer time, the maximum number of allowed
bursts was chosen to be four. Although the probability cf
survival for a four-burst zusnario is an optimistic result,
the scenario adequately denonstrates the effects of con-

sidering the cumulative versus the noncumulative case.

Choosing the Maximum Number

of Tine gteps Naeded

For the cumulative case, computer time can be saved
if the number of time steps necessary to determine the maxi-
mum skin temperature is known. The reason for this will be
explained later in this chapter. For a single burst, the
time considared wams t = l0*tmax (see Chapter II). However,
for multiple bursts it is possible that the skin tempera-
ture could continue to rise after t = l0*tmax, even though
the contribution of thermal radiation from the first burst
is negligible after this time.

Figure 7 showed the duration of aignificant thermal

radiation four 2 megaton bursts to be approximately l5*tmax
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r “17.8 seconds long. However, Appendix I shows that for
a l-cell CEP situation, the maximum skin temperature is
reached before j = 10. Therefore, to be safs, the maximum

nunber of time steps needed was chosen to be eleven.

Choosing the Position for the
Tooal Heat Transfer Coefficient

The last decision to be made was the choice of X ¢

the point along the flat plate representing the missile skin

where the local heat transfer coefficient is calculated.
MoKee chose Xo ® 5.3 m, the location of the third stage
joint on a generic missile (MocKee, 1984:7). Comparing
values of h for various choices of Xm (see figure E-l)
shows that the chosen value of X gives heat transfer ccef=-
ficients that are between those for the minimum and maximum
amount of convective cooling. Thus, the location of X
= 5.5 m represents a position where an avarage amount of

convective cooling occurs along the missile skin.

Adagting the Problem to

a4 Computer P gr
As explained in Chapter II, determining the proba-

bility of survival for a missile exposed to k bursts in the
cumulative scenario requires calculating 1.0k maximum skin
temperatures, one calculation for each geometric configura-
tion due to the 10~cell CEP of each burst. Of the vari-
ables used to calculate Tz' AQ, or h, only the slant range

SR, the transmittance 1, and the term CF depend on the
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burst location. Thus, to minimize computer time, certain
variables can be caloculated once and stored for future uss.

gpecifically, once the missile launch time 1lt, the
time ol the first burst tb,, and the total number of neces-
sary time steps are known, the midpoint of each timB step
oun be calculated as t = t, + (ju.S)*tmax. Missile charac-
teristics, the ambient air temperature, and the heat trans-
fer coafficient can cthen be calculated at these times and
stored in one-~dimensional arrays whosa indices refer to the
particular time step j. Finally, knowing the total number
of bursts to be considered and the time of sach burst, the
terms AC'rj and H!pj can be caloulated for each time step 3
and sach burst k and stored as a k by j array.

The procedure for caloulating the maximum skin
temperature for the cumulative case can now be prasented
using information from the above sections and Chapter II.
The algorithm is shown in table III. As mentioned befors,
the procedure has been almplified by precalculating and
storing certain variables for use during the iterative
process of calculating T,

h FORTRAN77 computer program that follows tho
algorithm in table III is presented in Appandix K. Tiias
program was written on a Corona PC (MS8-DO8) and was also
upsed on a VAX 11-780 at the Air Forwe Inastitute of Tech-
nology. Tle program calculates the maximum skin tempera-

ture for the conditions given in table II and allows the
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TABLE IIX

ALGORITHM FOR FINDING THE MAXTMUM SKIN TEMPERATURE
FOR THE CUMULATIVE CASy?

SRR NP T T A A PSR ST L. W IR R SRS AR

l. Xnowing lt and tbi' caloulate and store mis ile
velocity, altitude, down-range-distance, end
6 at £ = ty + (j-.S)*Tmax, where | = 1, 11,

Calculate and store 7T and h at the sam: times.

air

Knowing maxb and the times of the bursts, .alculate
and store AQj and Hfbj for each burst and tira

step.,

2. Set jm ), T Tair 4t ty = tg T2 to be any
number grentor Ehnn Tl' and the number ¢f % .rsts
nh = 1,

3. It Tz > Tl and j < = 10 then:

a. The curraent time step is j =9 + 1) AQj = 0,

be At time j*tmax, determine if anothexr burst has
occurred., If so, nb = nb + 1 until nb = 4,

¢. For each burst k that has occurrad:

l., Calcoculate S8R, CF, and T using the ground
raro detearmined b{ the cels # of burst k,
missile c¢harscteristics stored at time J,
and Hfby for burst k. If burst Xk has just
occurred within the time step, missile char~
acteristles must be re-caloulated at tho mid-
point of that burst's first shortoned time
step.

2. Caloulate AQ using Acwé for burst X,
and add it to the current sum of AQj.

d. Calculatnswz knowing h and the total AQﬁ for time
step .

@, If Tz > Tl’ then Tz 1

f£f. Return to the condition in step 3. If eithor test
fails, go to step {.

w 7

4, MaxT = Tlo
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uger to input the missile number, launch time, number of
bursts to be considerad (< 4), time of the first burst,
number of cells to be considered (< 10), and the option of
considering rising or stationary fireballs.

Also included in Appendix K is a BASIC program that
culcullpnl th¢ maximum skin temperature for the noncumula=-
tivahcine. This program follows the algorithm given in
table I for a single burst and does not need to precalcu=-
late or store any values. The program allows the user to
input the same quantities as the programn written for the

cumulative case.
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Chapter IV, Results and Discussion

The main objective of this thesis was to develop a

method of calculating the maximum skin temperature of a

missile subjected to thermal radiation from more than one
fireball at a time. The results of this cumulative case
were then compared to the results of the noncumulative case,
which considered the effect of thermal radiation from only
one fireball at a time. The comparison showed that missiles
experienced a much greatar temperature rise when subjected
to radiation from four fireballs at a time rather than when
the four bursts were treated as independent events. Thus,
the more realistic case of cumulative thermal effects indi=~
cates that targets suffar more thermal damage in a multi-
burst scenario than previously expacted.

The results of the cumulative case are firast pre-

sented for a l~cell CEP; 1.e., for a perfact hit by an RV
on its targeted silo. These results show the temperature

rise of the missile akin. Also included are a comparison

of considering a rising fireball at the top of a dust cloud
to a stationary fireball on the ground, and the effect of

decreasing the time step of the calaculation to tmax/z'
Next, the cumulative case is compared to the noncumulative

case of a missile subjected to four burats with a l-cell
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CEP. This comparison shows the marked difference in the
maximum skin temperature reached in both cases. The
scenarios are then extended to the full l0-cell CEP for
four bursts to determine which silos are in sure-kill or
sure-safe territory. The 1l0=-call CEP cumulative thermal
results are also compared to noncumulative blast results
to determine which effect is more lethal. Finally, two
topics related to the cumulative results are discussed:
the effects of dust shielding and a comparison of l-cell
CEP to 1l0-cell CEP results.

Temperature Rise for the
Cimulative cams (L-Gell cep)

Figure 8 shows the temporature rise of a missile
subjected to thermal radiation from a serias of four bhursts.
The temperature plotted, Ta, is the temperature at the end
of each time step j, as calculated from equation (2.19).
Tabulated data of the curves shown in figure 8 are found
in Appendix J. Fireball rise was not considered when cal-
culating these temperature curves because the case of sta-
tionary firsballs is less complicated. The missile being
considered, #41, was launched at the same time that silo #l
was hit, and each RV landed at its designated ground zero
(a l-cell CEP).

The cumulative effect of thermal radiation from
more than one fireball is illustrated by plotting the

temperature rise for each burst scenario. Thus, the bottom
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curve represents the temperature rise due to one burst,

the next curve ropresents the rise due to two bursts, and
sc on. The first bﬁrst occurred at t = 0, and the times

of the three remaining bursts are indicated by zrrows.

The figure shows that the temperature rise for a series of
n bursts (0 < n < 4) follows the temperature rise for a
series of n-l hursts until the time when the nth burst
occurs. At the end of that time step, the temperaturs is
higher than the temperature from n-l bursts because of
exposure to the radiation from the additional burst. Thus,
the curve represanting the temperature rise due to four
bursts is not smooth as it increasee but has slight irregu-
larities that indicate the detonation of another burst.
Also, the four-burst curve decraases rire rapidly from its
maximum than the other three curves because the contribu-
tion of thermal radiation from bursts 1 and 2, measured by
the term AQk, is small or zero at late times, In addition,
convective cooling is more effective because the missile
skin is so hot.

The Effect of Fireball Rise. The curves in figure 8

were calculated for the case of fireballs that remained on
the ground at ground zero. 1In reality, a fireball rises
along with an expanding dust cloud. For this thesis, the
rising fireball was assumed to be located at the top of the
dust cloud and centered over ground zero. Therefore, the

height of the fireball is equal to the height of the dust
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cloud as calculated in equation (2.20). When fireball
rise is considered, the slant range from burst to missilas
is calculated from the fireball's height rather than from
ground zero. '

Table IV compares the temperature rise of missile
#41 for both stationary and rising fireballs in a four
burst scenario, The data shows that temperaturas calcu-
lated with fireball rise are generally higher. The differ-
ence in the temperature of interaest, the maximum tempera-
ture (at j = 8), is ~5 °K. In terms of probability of
damage, P (704.5 °K) = .47 and Pd(709.6 °K) = 52 (see Appen-
dix G for an explanation of how to calculate Pd(I)). Thus,
for missile #41, the case of fireball rise resulted in a
slightly higher probability of damage. However, the differ-
ence in maximum temperatures would not be readily seen if
the values given in Table IV for rising fireballs were
plotted in figure 8.

A comparison of maximum temperatures for other
missiles is given in tablea V. The data shows that the dif-
ference ‘between maximum temperatures is smallar for missiles
launched farther away from the bursts. However, since the
cagse of fireball rise is more realistic, the remaining

results presented in this chapter will be those calculatad

when considering that case.
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TABLE IV

TEMPERATURE RISE CONSIDERING STATIONARY
AND RISING FIREBALLS

Missile #41
Launch time: 0 sec
Time of first burst: 0 sec

l=-cell CEP
Time Step Stationary Fireballs Rising Fireballs
j Tz (°K) 1, (°K)

1 325.4 325.4
2 277.5 377.8
3 447.1 446.8
4 505.7 505.6
5 574.5 575.0
6 638.7 640.4
7 693.6 697.1
8 704.58 709.6
9 695.7 701.9
10 677.8 685.2
11 652.3 660.3
12 622.0 630.2
13 589.7 ' 597.6

TABLE V

M\ IMUM TEMPERATURES CONSIDERING STATIONARY
AND RISING FIREBALLS

0 mac

J

Missile launch time:

F Time of first burst: 0 sec

. l-cell CEP

! Stationary Fireballs Rising Fireballs

; Missile # MaxT (°K) MaxT (°K)

h 21 2561.6 2615.1

! 31 1161.3 1175.2

i 41 704.5 709.6
51 511.5 513.7
61 416.9 418.0

: 71 366.0 366.6
8l 336.9 337.2
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The Effect of Halving the Time Step. As mentioned
in Chapter II, the finite time step used to solve the dif-

ferential equation for Tz was chosen to be tma , the time

X
of the second thermal maximum. However, it is possible
that a smaller time step could give more accurate results.
To taest this possibility, the time step was decreased to
tmax/z. Figure 9 shows that the temperaturé rise calcu-
lated using the reduced time step does not differ much from

the temperature rise calculated using t as the time step

max
(see Appendix J for tabulated data of figuxe. 9). More

importantly, the maximum temperature reached in both cases
is nearly the same (~709 °K). Therefore, in order to mini-
mize the number of necessary calculations, the finite time

step remained as tmax'

Comparing the Cumulative to the
Noncumulative Case

In the cumulative case, a series of four bursts is
treated as one event, and one curve is plotted to illus-,
trate the temperature rise of the missile skin. 1In the
noncumulative case, a series bf four bursts is treated as
four independent events and therefore four curves are naeded
to illustrate the temperature rise due to sach of the bursts.

The difference between considering four bursts as
one event as opposed to four separate events is shown for
missile #41 in figure 10 (mee Appendix J for tabulated data).

The uppermost curve represents the cumulative temperature
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risa due to four bursts, while the four bottom curves repre-

*

sent the temparature rise due to eaach burst separately. In

both cases, the bursts are conaidered to have a l-call "EP,

T

For the noncumulative case, the highest temperature
reached is caused by burst #1, since the missile at the
beginning of its flight is closest to this burst. However,
this maximum temperature of ~407 °K is much lower than the
maximum temperature of ~710 °K reached in the cumulative
case. Murthermore, the probability of damage for missile
#41 in the noncumulative case is 0, while for the cumulative
case the probability of damage is ~.52. Assuming that the

cunmulative case is correct, calculating the temperature

N ‘

rise by congsidering each burst to be an independent avent

saverely overestimates the missile's chance of survival.
The next section further emphasizes this difference by pre=-

H senting the results using a 10-cell CEP for each burst.

Results Using a 10-cell CEP

As explained in Chapter II, a l0-cell CEP accounts
for any possible landing position that an RV can have. Thus,

i

' the probability of survival calculated using a 1l0-cell CEP
is a more realistic number than that calculated using a

E l«cell CEP unless the value of CEP is very small, Tables VI
and VIII present the probabilities of survival for certain

n missilese in both the cumulative and noncumulative cases.

" For completeness, valuaes are given for both rising and sta-

tionary fireballs.
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TABLE VI

PROBABILITY OF SURVIVAL=~-
NONCUMULATIVE CASE

Missile launch time: 0 sec
Tima of firast burst: 0 sec

l10-cell CEP
Stationary Fireballs Rising PFireballs
Missile ¢ Py P'

2% 0 0
26 875 « 548
27 .588 11
28 .701 .674
29 1 1

TABLE VII

PROBABILITY OF SURVIVAL=~-
CUMULATIVE CABSE

Missile launch time: 0 sec
Time of first burst: 0 sec
l0-~¢ell CEP

Stationary Fireballs Rising Fireballs

Missile # P, 4

s

38 0 0
39 .0616 .0481
40 .0645 .0805
41 .523 .480
42 .507 .464
43 .538 496
44 . 925 .910
45 . 927 .913

46 1 1
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For this thesis, the sure-gafe limit is defined by
a probability of damage of .02, and the sure-kill limit by
a probability of damage of .98. Any values lower than .02
are rounded to 0, and any values higher than .98 a;e rounded
to 1. Thuas, the values of 0 and 1 that appear in tables VI
and VII are a result of probabilities of damage that were
1 and 0, respectively. Also, any missile not listed on the
two tables has a probability of survival equal to 0 or 1,
depending on the missile's silo position.

Another way of presenting the valuos given in
tablaes VI and VII is by using figure 1 to illustrate the
location 6! the sure-safe and surae~kill regions. This is
done in figure 11, with no distinction made for stationary
or rising fireballs since the value of P. will not change
the location of the regions. The most cbvious characteris-
tlc of figure 1l is that the sure-kil)l region for the cumula-
tive case extends over 2500 m further downfield than the
noncumulative case, thus killing thirteen more missiles.
Also, the region botween the sure-kill and sure-safe limits
is larger for the cumulative case, indicating that the
probability of survival based on distance is not ar steep
of a function, as shown in figure 12. The curves drawn in
figure 12 indicate the general shape of P. ve ground range
but are not actual functions.

The results of the 10-cell CEP calculations rein-

force thosa of the l-cell CEP calculations. Both show that
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treating bursts as independent events does not adequately
predict the tamperature rise of a misaile skin expcsed to
thermal radiation from a series of bhurats. Failing to con-
sider the cuhulativa effect will underaestimate the thermal
threat, which could ba an expensive ovarsight in terms of

nuclear defanse.

Efioste to B %%%“%.%i,;fﬁ“‘“

In general, blast (overpressure) effects are con-
sidered to be more lethal than tharmal effects, and in many
cases thermal radiation i§ ndtlviawid as a major thﬁaat.
Prior to this thesis reuuhxch;,a total survivability analy-
sls of the Dense Pack missile system was performed during
NE 6.95, Nuclear Survivability of Sylﬁemi. The analysis
included the same RV walk attack as this thasis, bu£
required a random launch order for the missile field and
considerad all bursts as indepundent events, The blast
code written for NE 6.95 included a "tail-chase" of the
blast wave to the moving target and used sure-safe and sure-
kill overpressures of 1.8 and 4.5 psi, respectively. In
order to compare cumulative thermal effects with (noncumulu-
tive) blast affecta, this blast code was modified so that
each missile was launched as the first burst occurrad. The
code was then run to determine the sure-safe and sure-kill
regions ror blast effacts, and the results are given in

table VIII.
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TABLE VIII
RESULTS OF NONCUMULATIVE BLAST EFFECTS

e e e oy o et e~

Migsile launch time: 0 sec
Time of first burst: 0 sec

l10-cell CBP
Misslle # Probability of sSurvival
23 0
25 .0956
26 +590
27 «626
28 « 750
29 l

Comparing these results to table VI shows that
noncumulative thermal and blast effacts have nearly the
game sure-safe and aure-regions., However, noncumulative
blast effects are overwhelmed by the cumulative thermal
threat. Although this may not be the case if cumulative
blast effects are considered, the results do indicate that
in a scenario such as Dense Pack, thermal radiation is more
lathal than previousaly expected if a series of burasts is

treatad as one =veant.

Observations on the Cumulative Case

The final section of this chapter presents two
topios that were not discussed in the objectives of the
thesis but could be of interest. The first topic, dust
shielding, is of interest because the dust entrained in the

air could greatly reduce the amount of thermal radiation
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that is transmitted to the missile. The second topic com=-
pares the difference between using a l-cell CEP on a 1l0-cell
CEP.

The Effects of Dust Shielding. A contact surface
burst produces a large amount of dust and debris that is
carried upward with the rising fireball. This cloud will
o impede the transmission of thermal radiation to a target
n by causing additional scattering and absorption of the radi-

a ation. The dust cloud created by one fireball may also

. decrease or even block the thermal radiation emitted by
‘ another fireball.
> The complex behavior of dust clouds was not
included in this study, and therefore the given results
would tend to overestimate the temperature rise of the
missile skin. However, an attempt was made to determine if
i dust shielding could be included in the analysis by con-
sidering the position of the missile and the fireball.
The situation is shown in figure 13.
e As figure 13 indicates, the dust cloud is mode:.. .
as 2 cylindrical shape (McGahan, 1371:39-41). [epending on
v the missile's position, the missile skin will be subjected
to either radietion transmitted through the atmosphere or
radiation first transmitted through a thickness of dust
e cloud. PFor this usimplified analysis, the trauamiassion
| through the dust cloud was considered to depend on the

angle ¢. If the situat’o.n was such that the missile was
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Fig. 13. Dust Shielding

above the top of the dust cloud or ¢ was less than 20°,
then the transmittance 1t would be the value calculated for
the atmosphere (see Appendix C). However, if ¢ were greater
than 20°, then t would be set equal to 0. This limitation
only applied to transmission through the cloud from the
burst in question, not to transmission through a cloud
created by another burst.

Results of the analysis for a l-cell CEP are given
in Appendix L. They show that the dust clouds have no
effect on transmittance for any cof the missiles listed in

table VII. 1In fact, the transmittance is only affected
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for missiles whose silos are within ~2750 m of the burstsas
(i.e., silo #15 and below), but the decrease in temperature
rise is not enough to raise the missiles' probability of

survival.

Comparing l-cell CEP and 10-cell CEP Results. As

explained in Chapter II, a four burst, 10-cell CEP, cumula-
tive case scenario requires 104 calculations of maximum

skin temperature to determine the probability of survival

of a single missile. Depending on the computer system used,

these calculations can take large amounts of computer time

Gorror

and therefore several hours may be needed to obtain results
for all of the missiles of interest. In contrast, a four
burgt l-cell CEP scenario requires only one maximum tempera-~
ture to calculate the probability of survival for a single
missile, as previously shown in figure 8. Thus, it would
be interesting to compare l-cell CEP results to l0-cell CEP
rasults to determine if a l-cell CEP can adequately predict
a misaile's probability of survival, These results are pre-
sented in table IX for both stationary and rising fireballs.
The table shows that a l-cell CEP underestimates
the 10-cell CEP P, for missiles #39 and #40 and overesti~
mater PS for the remaining missiles. However, the differ-
ence between the two values of Pg is less than 10% for
missiles #39 and #40 and less than 1% for the others. 1In
addition, the l-cell CEP results do not change the cumula-

tive sure-kill and sure-safe regions shown in figure 1l1l.

.~
"~ T "
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TABLE IX

FROBABILITY OF SURVIVAL, CUMULATIVE CASE--
1-CELL CEP V8 10-CELL CEP

ﬂ Miu:l.lo launch time: 0 sec
. Time of first burst: 0 sec
i Stationar¥ Fireballs Rising Fireballs
) A Pg
Missile l-cell 10=cell l-cell ~l0=cell
# ' CEP CEP CEP CEP
i 38 0 0 0 0
Sy 39 .0563 0616 «0433 0481
iy 40 .0592 .0645 0456 .0505
4l .527 .523 .483 .480
42 .510 +507 466 +464
: 44 . 930 . 925 . 916 «910
’ 45 .933 .927 .919 . 913
E 46 1 1 1 1

Thus, in the interest of reducing computer time, a l-call

CEP scenario can be used to calculate the probability of
i survival. The resulting decraease in computer time allows

the caloulations to ba easily performed on a personal com=-
a puter.

The above conclusion leads to the consideration of
calculating the probability of survival for more than four
;g‘ bursts using a l-~cell CEP. According to Chapter III and
Appendix H, the maximum number of bursts that will affect
the temperature rise of a missile skin was determined to be
eight. Table X presents the probability of survival of eight
bursts for both stationary and rising firaballs.
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TABLE X

PROBABILITY OF SURVIVAL, CUMULATIVE CASE-~-
EIGHT BURSTS, l1~CELL CEP

Missile launch time: 0 sec
Time of first burst: 0 sec

Stationary Fireballs Rising Fireballs
Missile # P P
s s
43 0 0
\ 44 .0503 .0243
o 45 .0516 .0251
: 46 452 + 341
47 «437 . 327
48 Q460 ' 0349
49 . 884 _ . 827
50 . 886 ! +830
51 1 : 1

&
§
i
§

L
8
§
i

E

L

18
L

The results are also shown in figure 14, which com=
pares the sure~kill and sure-safe regions for four and eight
bursta. The sure=-kill region for eight bursts is extended
~1000 mators down-range, killing an additional five missiles.
Thus, the consideration of eight bursts further illustrates
the fact that cumulative thermal effects are much more

lethal than noncumulative thermal and blast effacts.
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Fig. 14. Sure-safe and sure-~kill Regions,

4 and 8 Burasts (l-cell CEP)
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Chapter V. Conclusiona and Recommendations

Conclusions

Based on the results given iﬁ Chapter IV, the
following conclusions are drawn:

1. The calculated value of the maximum skin tempera-
ture for a missile exposed to a series of bursts depends on
! the way in which the bursts are treated. Considering a

series of bursts as one avent (cumulative) gives a higher
temperature than considering sach burst as an independent
' event (noncumulative). A higher temperature yields a lowar
probability of survival for the missile.
‘ 2. Maximum temperatures calculated when consider-
" ing fireball rise are higher than those calculated for sta-
tionary fireballs. However, the difference between the two
casas is not large enough to distinguish between sure-safe
and sure-kill regions for either case. Therefore, fireball
» rise as treated in this thesis does not have a significant
effect on the results.
- 3. The difference in maximum temperatures between
. the cumulative and noncumulative cases extends the sure-kill
ragion of the cumulative case further downfield, making the
it cumulative case mora lethal. Specifically, for a four

burst scenario with each missile launched as the first
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burst detonates, the cumulative case kills thirteen more
missileslthan the noncumulative case.

4. Cumulative thermal effects are also shown to be
more lethal than blast effects, which contradicts the cur-
rent opinion that blast is the primary kill mechanism.

Based on this conclusion and conclusion #3, the failure to
consider the cumulative casa will underestimate the thermal
threat and could ba an expensive oversight in terms of
nuclear defense.

5. The results given are considered to be conserva-
tive because the analysis did not account for any thermal
radiation shielding by dust. Howsever, dust shielding cannot
ba adequately modeled using simplnlgeometry betwaan the
missile and the dust cloud.

6. In order to reduce computer +time, a l-cell CEP
rather than a 10-cell CEP c¢an bes used to calculate the proba-
bility of survival. If this is done, the maxihum nurbar of
bursts considered can be raized to eight. This results in
five more missiles being killed and further emphasizes the

importance of considering the cumulative case.

Recommendations
Based on the assumptions presented in Chapter I and
the observatiors made during this study, the following recom=-

mendations are made for further study:
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l. Several assumptions made during the study
ignored the effect of dust shielding on the amount of radia=-
tion tranamitted to the target. The expression derived
for T was based on data given for a clear atmosphere and
therefore overestimated the transmittance., The curve CT
(figure 4) used to determine the fraction of thermal radia-
tion emitted at the time t was derived for an air burst,
and would be lower for a surface burst. Finally, the
assumption that the fireball is located at the top of the
dust cloud and the simplified geometric analysis of dust
shielding did not consider any of the detailed physics
involved in dust cioud formation. Since the amount of dust
lifted into the air by a series of 2 MT bursts could be
quite large, the effect of the dust on the transmittance of
thermal radiation should be investigated.

2. The fireball was assumed to be an isotropic
point source. This is a good assumption for distances that
are much greater than the fireball diameter. In this study,
the length of the missile field was 20,300 m. However, the
maximum fireball diameter for a 2 MT contact surface burst
is expected to be 3700 m (Glasstone and Dolan, 1977:71).
Thus, “he distances between burst and target are less than
five times the fireball diameter. It should be determined
if the distances are great enough to justify the assumption

of a point source. If not, the effects of a finite source
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on the results presented in Chapter IV should also be
investigated.

3. This study did not consider the synergistic
effects of heat and blast., It is possible that the increase

in temperature would sufficiently weaken the missile's skin.
so that a lower overpressure would cause the same amount of

damage that a higher overpressure caused when considered

alone. Synergistic effects should be studied to determine
if thermal radiation poses an additional threat by making a

system more vulnerable to blaat effects.

4. The program written for thie study is limited

beczuse it was written for a specific missile system and a

WE O BE X B S 5 T O SS BE S PE 25 S 5 B B s B

four burst scanario. A more genaral program would be easier

to adapt to other situations and/or materials.
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Appendix A. An Expression for the Thermal
Diffusion Time

In dhaptor 11, the expression for the time regquired
for heat to be conducted through a slab of thickness d with

thermal diffusivity K was given as:

2
tdiff = 4%/K (A.1)

This expression can be derived from the one-dimensional

heat transfer equation (Holman, 1972:102)

22w (x,8) 9T (x,t)
*~";;5~* i Y (A.2)

using the method of dimensional analysis.

As the name implies, dimensional analysis involvas
the algebraic manipulation of the dimensions of physical
quantities to prévi&e information about the physical pro-
cesses involved. The basis of dimensional analysis is the
simple principle of dimensional homogeneity, which states
that an equation is complete only if the dimensions of each
term are the same, or homogeneous (Parkhurst, 1964:16).
Equation (A.2) can be shown to be complete by noting that
infinitesimals possess the dimensions of the physical ele-

ments they represent. (Parkhurst, 1964:21). Therefore, each
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expraession on either side of egquation (A.2) has the diman-
sions of B/Lz, where € indicates a temperature unit and L
indicates a unit length. i
An important applicationlof the principle of B R
homogeneity is the derivation of an unknowh?quan“ity bassd | :
on that quantity's functional dependsnce on the bhysical ‘ ‘ B
parameters involved in the problem (Parkhurnt, 1964:16). | ’{ o
This derivation is commonly called tﬁe indieial meﬁhod, and |
is illustrated here by deriving an expression for tdiff - ;

from the following terma appearing in eguation (A.2):

: - : “fundamental !
term description _units ]
3T = SAT temperature differential ‘ ] ‘ |
X = >AX distance aifferential L :
K thermal diffusivity 1/t
ot m >ht Wty pp diffusion time t

The first step in the indiocial method is to write
the unknown quantity as a product of terms to unspecified

powers or indices:

[taypql = (072 2x® k) (A.3)

The dimenaions of each term are then substituted into the

above equation to obtain:

t] = [(8)® (P (12/¢) %
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or (L] = [(8)2 (L)PT2C (¢)=% (A.4)

The indices of each fundamental unit on the~1e£t; and right?
-, hand side are then eguated to obtain 3 simultaneoua equa-

“tions, one for each unit: \
; 0ma
ot omb+2e

1 = . ' ' T -

VL .
Y '

In genural, for n 1ndical, if k ot the 3 oquationt are .
indhpcndant. than any k of the: Lndicﬁl oan e solved for
.\f l in‘tarms of n-k othhr 1ndicen. - For thil casc, ali of the
| _tndicoa pan ha solved. for. to- obtainz; o S N t' ¥
a0 | B | |
. ’b‘- 2’,..‘“. .
'c w o]
Therafoz#, the expressjon for tyige OAN be found by sub-

stituting the sbove values for a, b ﬁnd ¢ into sguation

(A.3) to obtain:

2 o1
basgg = 4%

' or, sinca Ax = A

2 .
tdiff = d%/K (A.5)
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. Appendix 8. Missile Characveristics

‘The missila 8 velogity v, altitude 2, down-ranqe-

distance (from the firau row of missiles) drd, and flight

|" path anglu ] must be known at a givan time t in order to
calculate the slant range SR, correction factor CF, trans~
“-mittance r,'ambient.air propsrtias, and the heat transfer
-coefficienilh. lThe misaile characteristics are shown as a
. funoiion of'timu in’figure 3. In this figure, the down-
- E ranqe~diutance curve refors only to the ground distance from
m | the missilo ailo, not from the firat row of missiles.

o xn,order to use the information on the graph in a
computer program, ‘each curve was reduced to a data file of
%) values read from the‘éurve ac every second. Values woru'

taken from & = 0 to t = 50 seconds for the veloocity, alti-
x tude, and down-range~distance data files, and from ¢t = 0
to t = 70 sec for the flight path angle data file. The i
contents of these files are presented in table B-I. At
y the beyinning of the computer prograr, the data files are
read into the arrays VDATA(51), 2ZDATA(S1), XDATA(51), and
H ANGDAT (71) .
The missile's velocity, sltitude, and down-range-
& distance at any time t can now be determined in one of two
?w wave!:
g
i
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1. If t i{s < 50 seconds, then v, 2z, or drd can be

obtained by linear interpolation, where:

tl<t<t21 tl and t2 are whole numbers and

ty-t, = 1
Y1<Y<y ! ysv, 2z, or drd

and y = (t=ty) (y,=¥;y) + ¥, (B.1)

2. I1f t > 50 seconds, then

vV = 1°5t - 1'350 (BQZ)
2 = 2,460t - 65,000 (B.3)
drd = 3,700t - 127,000 : (B.4)

Since the curves in the figure are in terms of feet, all
parameter values must be converted to meters. Also, the
values of drd must be modified to reflect the missile's

distance from x = 0, or the first row of missiles. This

is acconplished by adding the missile silo's x-coordinate

to drd:

drd = drd*.0348 + Sx(Mn) (B.5)

where Sx(Mn) = Silo x=-coordinate of missile Mn.

The missile's flight-path-angle 6 is found in a

similar manner:

1. If ¢t < 70 seconds, then
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2. If t > 70 seconds, then:
3 - 30'6 - cl(t-7o) (Bo?)

Equation (B.7) is a linear extension of the curve in
figure 3 past t = 70 seconds. The value of 6 is then con-

vertad to radians.
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Appendix C. Calculating the Slant Range, Correction

Factor, aad Transmittance

The calculation of SR, CF, and T are presented in
one appendix bacause the latter two terms depend on the
value obtained for the slant range. However, the procedures
used to calculate each term are different and will be pre-

sentad in separate sections within this appendix.

Calculating the Slant Range
The slant rangu is generally defined as the dis-

tance from the burst to the target. In this report, the
slant range is the distance from the fireball point source
to the location of the missile as defined in figure 3.

If fireball rise is being considered, the expression for

SR muat take the changing position of the point source into
account., The slant range for any burst-missile combination
is shown in figure C-1. The missile has no velocity in the
v direction and thus travels straight north along the

x-axis. According to flgure C-1:
SR = [GR® + (alt - HEp)?10-3 (C. 1)

Hfb is calculated using the VORDUM equation for the top of
the dust c¢loud (McGahan et al., 1971:40):

«177

HEfb = 21,640.8w [l—(l-t/ts)zl (c.2)
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DGZ = desig~
nated
- ground
zeXo
l vx drd = down-
Tange
Missile distance
alt Mn =nmisgile y
position
GR = ground
range
SR = glant
range
™

=

SR
Fireball point

Fig. C-1. Slant Range from Burst to Target

where w = yield in megatons, and t. - 2400'(Bridgman, 1984),
the time of cloud stabilization.
For an RV that lands at its designated ground zero

(the targeted silo), the expression for the ground zero

range is:
GR = [(Mn_ - DG2Z )2 + (drd - DGZ )2].5 (C.3)
y 4 X ’

However, if the RV has an aiming error associated with its
landing position, then the expression for GR must account
for tha displacement from designated ground zero. Thig dig-
pPlacement is quantified using the 10-cell CEP described in
Appendix J. The situation for calculating GR for a cell

is shown in figure C-2. '
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Fig. C~2. Ground Range from Cell 1

From figure C-2, a more general expression for ground range
is given by:
GR = [(Mn_ - y,)* + (drd - 2y (. 4)
Yy ¥y *b '
vhere x = DGZ, + p, cos 91 fnd Y, Dczy + 0y sin ei

For the middle cell (a direct hit), equation (C.4) reduces

to equation (C.3).
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Calculating the Correction Factor

In Chapter II, the correction factor CF was defined
as sin y where ¥ is the angle between the misgaile skin
surface and the slant range vector. The corrxection factor
is needed to calculate the amount of thermal radiation that
is incident parpendicular to the missile ekin's surface.

CF can bhe calculated by recognizing that cos | is defined
by the doﬁ product of the slant range and velocity vectors

as shown in figure C-3:

- 7 Missile
skin 6 = flight path
surface angle

Fig. C=3, How to Calculate CF
By defintion of the dot product:

SR _v_. + SR vz

cos Y o ..._x_g.i...‘.’__l— (C.5)

76

S0 e WA M el L L e i b i i b b WSl i e 4




are b Bl -

where Ve ®V cca d
v, =V 8in®

SR aGRxadrd-x

X b

snz w alt - HEDL

The product of y components does not appear in equation
{C.5) becausa Vyjj_b, It should also be noted that nega~-
tive values of éRi are possible if alt < Hfb., Although a
negative value does not mean much physically, it is neces-
sary to obtain the correct answer geomctricallyf Orice

cos ¥ is known, CF canh be determiqad from:
CF = sinV¥ = (1 - cos?¥)*5 (C. 6)

Calculating the Transmittance

The transmittance ' is defined as the fraction of
direct and scattered radiation that is transmitted to the
target (Glasstone and Dolan, 1977:316). Because T is a
complex function of atmospheric conditions and distance, a
detailed analysis of the.coirect values of T for the condi-
tions of the Dense Pack scenario was not conducted.
Instead, T is assumed to behave as shown in figure C-4
(Glasstone and Dolan, 1977:318). The limitations of this
figqure are as follows:

1. The targst is such that scattered radiation is

recaived from all directions.
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2. The target is on the ground.
-3. Visibility is 12 miles (21 kw).
Figure C~4 is used to express T as a function of distance
-~ | for a surface burst by reading where the constant lines of
. T intersect the bottom of the graph (zéro altitude).

Table C~I summarizes the values of 7 takeh from figure C=-4.

TABLE C-I

VALUES OF © AT HEIGHT OF BURST = 0
K (Glasstone and Dolan, 1977:318)

" T Diatance D (kft) Distance D (m)
. 0.01 168 51,206
Y 0.1 85 25,908
K 0.2 58 17,678
0.3 50 15,240
y 0.4 38 11,582
0.5 3l 9,449
0.6 20 6,096
0.7 15 4,572
Y 0.8 9 2,743
. 0.9 5 : 1,524

Note: All distances have an uncer'.ainty of -2 kft,

When plotted as T versus distance, the points in
table C-I appear to follow an exponential curve that could

. be fit by an equation of the form:
8 T = axp(£(D)) (C.7)

where f(D) represents a function of distance D. By writing

equation (C.7) as ln(t) = £(D), and using a linear regression
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program (Heilborn, 1981:16), the following expression was

obtained:

5 9.2 “_14D3

L
' @ £(D) = -.02455 - 6,439X10 D ~ 1.407X107°D€ + 1.792%10
(C.8)
ﬁ The points in table C-I and the ourve prodﬁced by substi-
tuting equation (C.8) into egquation (C,7) are shown in
H figure C~5. The coefficients in equation (C.8) \garé‘

4 rounded to four significant digits, and the standard error
estimate of £(D) (the stundard deviation of Lln(t) about the
fitted curve) is 0.05968. This error was considered to be
well within the error inherent in reading from figure C-4.

Although the expression for T was derived from
data for a surface burst and ground target, the distance D

in equation (C.8) is taken to be the mslant range. This was

i

i

i

@ done bacause slant range repreaenté the distance in tha
atmosphere that the thermal radiation must traval to reach

H the missile. The expression for 1t also dces not consider
the changing atmospheric conditions as the fireball rises

ﬁ or the effects of dust shielding the fireball. !-iowevar,

ﬁ since T is inherently uncertain because of its complex

l dependence cn many variables, the expression derived for

uge in this analysis is considered to be adequate enough to

show the change in tranamittance as the missile moves away

from the burat.
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Appendix D. Ambient Air Properties

As mentioned in Chapter II, values for the ambient
alr temperature Ta' density Pa’ dynamic viscosity Mg and

conductivity ka at the missile's altitude are needed to

B A R O === E

calculate the heat transfer coefficient and skin temperature.
These values are obtained using equations given in the
reference from the National Oceanic and Atmcspheric Admin-
istration (NOAA, 1976:6~20).

The general equations for air temperature and

pressure Are:

IF Lk# 0: T(2) ‘.L‘k + Lk(z - zk)

Ty (.034164/Lk)
| P(z) = Pk [ET;T] (D.1)
IF Lk-O: P(z) = 'I‘k
-.034164(z-zk)
P(z) = Pk exp [ 7 ] (D.2)
k

where z is the missile's altitude in meters, T(z) is the

temperature in °K, and P(z) is the pressure in N/mz. The

S -
™
ot

values of I"k’ Tk' and Pk depend on the region of the

atmosphere and are given in table D-1l.

> o B WY
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TABLE D-I
l VALUES USED TO CALCULATE AMBIENT AIR
TEMPERATURE AND PRESSURD

g Reglon Z. (m) Lk Tk (°K) Pk (N/m“)
& 0 £z < 11,000 0 ~0.006545 288.15 1.013x10°

11,000 < z < 20,000 11,000 0.0 216.65 2.269x10%
' 20,000 < z < 32,000 20,000 0.0010 216.65 5.528%10°
ﬁ 32,000 < z < 47,000 32,000 0.0028 228. 65 8.888X102
: Once T(z) and P(z) are known, the remaining terms
ﬁ are calculated as follows:
' Pa = -003484 % kg/m3 (D.3)

1.5

; 1.458x10"6['1‘5221 5 kg/m-s (D. 4)
Ha T(z)+110.

L 2.64638X1073 [ (z)] 5
2 r(z)+245.4(10 ("12/T(2)],

k

J/m=~-g8=°K (D.5)

3 - 3
=X
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Appendix E. Local Leat Transfer Coefficient

The local convective heat transfer coefficient, h,

was introduced in equation (2.14), which describes the rate

r
T

of enargy loss due to convection (Holman, 1976:12):

e
o

Foonvection = RIT(E) =T, (£)] (E.1)

T
o~

where h has units of J/m2-9-°K
{5 The expressions for h used in this report were
those derived for viscous flow over a flat plata. The

derivation involved a detailed mathematical analysis of

Y

the thermal boundary layer, the region where temperature
gradients are present in the flow along the plate (Holman,
1976:154~171). The results depend on the type of flow,
which i8 described by the Reynolds number. For viscous
flow, the Reynolds number i1s (Holman, 1976:149)

Re = ‘—”E‘ﬂ (E.2)

e
B5E

where v fluid free~stream velocity (m/s)

H

p = fluid density (kg/m3)
fluid dynamic viscosity (kg/m-s)

[
=
L

b
[

distance from leading edge of plate (m)

For air, p = Pa and y = Ha (see Appendix D). Fnr

this report, the velocity was taken to be the speed of the
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missile, and the value for x = X, was chosen to be 5.5 m,
as explained at the end of this appendix. For flat plates,
the transition between laminar and turbulent flow is con-
sidered to occur at Re = 5x105 (Holman, 1976:149).

Another term used to calculate the heat transfer
coefficient is the Prandtl number, which expresses the rela~
tive magnitudes of momentum and heat diffusion in the
fluid. The expression for the Prandtl number is (Holman,

1976:164)

c_u
Pr-—%—_ (Els)

where cp = specific heat capacity of the £luid (J/kg=K) 1
K = thermal conductivity of the fluid (J/s~m-K)

For air, cp = 1005 J/kg=K (Holman, 1976:503), y = Hat and
k = ka (see Appendix D).
,From the analysis of the thermal boundary layer,

the following expression is derived (Holman, 1976:170):

Nu = 3% (. 4)
80 that
- klu-
h = (E.5)

where Nu is the Nusselt number. For a plate heated over

its entire length, the equations for Nu are
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if Re < 5X10°: Nu = .322Pr}/3Rel’/?

(Holman, 1976:171) (E.6)
1€ Re > 5X10°: Nu = .0296pr>/3Re?/S

(Holman, 1976:180) (2.7)

Thus, h can be calculated from equation (E.5) if

P

e moae v e B Py

the missile velocity and several air properties are known.
As an example, at t = 5 seconds into the missile's flight,
the migsile velocity v = 140 ft/sec = 42.8 m/s and

z = 600 £t = 182.9 m. The following values of ambient air

-~
-
T3 -
Ty
L

properties at z = 182.9 m can be calculated from the equa-

-
. v &

tions in Appendix D:

oy = 1.203 kg/m

M, = 1.784%10"° kg/m-s

Ky ™ .02523 J/m~8°K)

Using these values in equations (E.2) and (E.3) results in

.. s

& A B2 EE

{42.8) (5.5) (1.203) _ 4 s9x10”
(1.784x10°°).

Re =

i iy and
" "'5
;: Pr = $1005%$lé;ggx10 ) - 711

5

Since Re > 5X10°, the flow is turbulent and the Nusselt

number is ygiven by equation (E.7):
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.-
ES

EBE &0 B T = N

o R %

== i 23 a5

1/3

Nu = .0296(.711) %/ 3(1.59x107)4/5

- 1.52x10%

Substituting this value of Nu into equation (E.2! produces

a value for the heat transfer coefficient h:

. 4
h = L:02523) (1.52K107) o 69,7 g/m?-g-cK

Choosing a Value for x

Figure E-J] shows the variation of h with Reynolds
number for several values of X! where X is the distance
from tha leading edge of the missile. The data shows that

the choice of x, = 5.5 m represents an average between a

m
maximum amount of heat transfer occurring for X, = l.0m

and a minimum amount of heat transfer occurring at X

= 20 m.
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Appendix P, Calculating the Fraction of Thermal

Enerqy Emitted, AC'I':l

The term CT refers to the éurve snown in figure 4
in Chapter II. This curve represents the fraction of

thermal energy emitted up to any time t° = E/tmax' whare t

is the time after detonation, t 0.44 (Glasstone

ma
and Dolan, 1977:310), and Y is the yield in kilotons. At

x" 0.417Y

any time step j in “he computer calculation pf the missile
skin temperature, the total thermal fluence that is incident

on the surface during that time step is

;ﬁ where Fincident is given by equation (2.13). The curve
in figure 4 must be digitized in order to calculate ACTj

\ _ during the run of the computer program, Sections of the

b curve were fit with second-degree aquations or less using
points from the curve and a linear regression program

i{ (Heilborn, 1981:16). Table F-I presents the pointa,

equations, and correlation coefficients for the equations.

Ea xy

values of CT for t“ < 1.5 ware read directly from figure ¢,

i while the points for t° > 1.5 were obtained with the help
L
' of a digitizer (owned by the Plasma Physics Group, Aero

’, Propulsion Laboratory, Bldg 450, Wright-Patterson AFB, Ohio).
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DATA FROM DIGITIZER

TABLE F-2

e — ]

£ ¥ CT++
1.286297 0.295778
1.528967 0.367067
1.771637 0.426614
2.014308 0.470785
2.292048 0.507967
2.534717 0.532569
2.815257 0.560525
3.057937 0.579815
3.300607 0.598266
3.543277 0.615599
3.785947 0.632653
4.066487 0.649986
4.309158 0.659770
4.620568 0.678222
4,863238 0.687727
5.105907 0.698071
5.441158 0.709253
5.822697 0.721274
6.184597 0.733296
6.427267 .0.736650
6.669937 0.744758
6.912607 0.750908
7.155278 0.756779
7.397948 0.762091
7.640628 0.769080
7.883297 0.770478
8.125967 0.776628
8.368637 0.780262
8.611307 0.783897
8.853978 0.789488
9.096648 0.791445

e

t? = £® % ~ 0168327 ]

L.
“

*er - oT % 4+ .167738
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and CT normalized to 0,0.
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Given the equations in table F-1, the value of CT
at any t° can be calculated to obtain ACTj. As an example,
for the second time step (j=2), the valuesof t” at the
beginning and end of that time step for burst #l are 1 and
2 respectively (see figure 7 in Chapter III). Using these

values of t°, AC'I‘2 is then:

w CT(t”“=2) = CT(t"=l)
= 0.4680 - 0.20
= 0.268

ACT2
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Appendix G. 'The Probability of Damage

Function and CEP?

The Probability PFunction

This appendix contains methods for calculating the

probability of damage and quantifying the aiming error.

The information was taken exclusively from class notes given

=

by Dr. C. Bridgman (Bridgman, 1984).

For this report, probabilities of damage are calcu~

AEE

D B

lated using intensity I as the independent variable and the

]

cumulative log normal function as the distribution function.
Each intensity has an associated probability of damage
according to:

Py (1) -J;I fil?e': exp[-%eﬁ‘eirﬁ)zl dr  (G.1)
- [\
where o” and 8° are parametgrs that depend on the sure-~

safe and sure-kill intensities of the material. This

I integral can be solved analytically using the following sub-
i stitution:
.1‘ l -
- u = nlzar (G.2)
g
_~%; Substituting equa*ion (G.2) into the integral of equa-
g tion (G.1l) produces
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u 2
1 -u©/2
P.(u) -Jr —_—— du (G.3)
whose integrand is recognized as. the normal distribution

function about u = 0, A graph of the above integral is
shown in figure G-1.

1.00
T

.75

Pd(u)

125'

.00

1 4 - T

“4.0 2.0 O _ 2.0 4.0 6.0 A

Fig. G-1. Cumulative Normal Distribution Function

Equétion (G.3) can be solved in any number of ways.
A good method for computer implementation is to use the

following eguations (Abramowitz and Stegun, 1965:932):
u’ = |y

1
Pui)m 1l -

']
[2(l+.196854u'+.11594(u')2+.000344(u‘)3+.019527(u')‘]
(G.4)




If u > 0, Py(I) = P(u)

Ifu < 0, Pd(I) = 1 - P(u’)

Thus, once an intensity I is found and o“ and £° are known,
Pd(I) can be calculated using equations (G.2) and (G.4)

or equation (¢.2) and the curve in figure G-1.

As mentioned before, the parameters o” and B° are
calculated from sure-safe and sure-kill intensities Ias and
gk* For this analysis, all probabilities of damage below
0.02 are considered to be sure-safe (Pd(I)-O), and all

probabilities above 0.98 are considered to be sure-kill
(Pd(I)-l.O). Thus, o and B“ must be defined so that if
Pd(I.k) = 0,98 and Pd(Is.) = 0,02 then the following are
true:

2
B
i :
i
:
i

‘ I

' sk 1 . 2
\ 1 Inl =-aqa
0 /Y 2m 8°1 2 B

88 . 2
.02 -j; S S exp [~ 5 (_13_517-_@_) ] dI  (G.6)

i :
!

yar B° 1
ﬁ The solution to the above equations yields
< InI__~-uo”
'-'""—%E,—‘“—' - -20054 (Go?)

:
i
! "
i

R R NI vy o
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L
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S

which can in turn be solved to give

6’ = %m (T4 Tg) (G.9)
8 = —tpg 1n (-I—'!l‘-) (6.10)
* Ill ’

The expressions for o¢” and B given by eguations (G.9)

and (G.10) are used to calculate u in egquation (G.2)

Adming Error or CEP

The davelopment of the function describing the
aiming error of an RV around designated ground zsro (DG2)
assumes the following:

1. Errors are in the x and y directions ohly. The
height of burst (zw0) ia accurate.

2. The arrors in x and y are entirely random.

3. cx - cy .

If £{x) = £(y) are functions describing the errors in x and

y respectively, then

l , x
f ™ - —— G.1l1
(x) oo exp (-3 ("x) 1 ( )
£(y) = —L— exp [-3 (-Y—)z] (G.12)
/3T 2 Oy

These two distribution functions are shown in figure G-2

ag two gausslans centered at the aim point (DGZ) and
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extending to define a circular area A. The probability of

hitting area A is

2, .2
£(x,y) = £(X)£(y) --2—-1-1 expl-§ E3L))  (6.13)
i +]

which is a circular area density or planar normal funection.

" 'ﬁ'\. -
, ’ : [ h N
'4 [} N
" ) ) N f(x)
’ [ \ /
’ o N
‘ b \
[4 t [} ( )
¢ ) £{y) ©
[ | / Y \
’ [} \ \
' S \
' -
' /
A

D O O 2T T PO P M P MAAN, A ANt i Arg'e s diiess N

Fig. G=2. Planar Normal Function

Equation (G.13) can be written for a differential area dA

as
1 1z, 2
£(x)dA = e? oxp(-% (5) ) 2nrrdr (G.14)
no

where r = x2 + yz, the radius of the circle defined by

f(x,y). The probability of falling anywhere inside of

radius r is then

2

F(r) -fr £(r)dA = IF —Ly expl-3(£) 2rrar (G.15)
0 0 2m0 °

)

Y =N v r v S
R TACHIM IO PN voatainbern'ite iy




F(r) is a cumulative circular normal function. By sub-
stituting r = 80 and recognizing that £(sg) = £(r) (dr/ds),

the above equation can be written as
80 1 2
F(s) -[ exp[-il ] ads (G.16)
0

F(r) can be evaluated for different values of s as follows:

, P P

- 1 0.393

: 2 0.865
3 0.989

The term circular error probable, or CEP, is
defined as the radius r inside of which 50% of the tar-
geted RV's will hit. According to the above values of
P, this radius is between ¢ and 20 . Specifically, using
equation (G.1l5)

CEP 1 [ l(r)z a (©.17)
> 50 = —= exp[-3(7) ] 27rdr G.17
g 0 gnoZ T 200
€ By substituting w = O.S(r/U)z, the above integral can be
solved analytically to obtain

CEP = Y21n2 ~ 1,180 (G.18)

This result will be used to define areas of egual proba-~

bility around the designated ground zero.
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Combining Probability ¢f Damage
and Aiming Error

The overall probability of damage to a missile
depends on the following:

a. the probability of the RV hitting any dA sur-
rounding the DG2

b. the probability of damage given a hit on any dA

The condition in (a) is given by equation (G.15). Rewriting
equation (G.l5) in polar coordinates, where r = p and

dA = dpdb, ylelds:

2
£(p)AA = -2# expl- 5 ()] pdpas (G.19)

The condition in (b) is given by Pd(I) (eaquation (G.l)).
Thus, the probability of damage over all dA is

wj-Zﬂ
P, = £(p) PL(I)AA
L] a

® o 2T I - 2
'l ) 2]' 1 lln I-o
- —= exp[~3(5) "] exp [~ 5(==——) dI {pdpd®
fo fo 321“7 P2k 0 V2mB’I S ©.20)
G.2

This integral can be simplified to a sum over N areas,

designated as A i+ as follows:

area

N
P, = I €£(p), P (I)a
d {ml i di

area i (G.21)
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The areas are now chosen so that

1

f(p)iA § (G.22)

area i
That is, the space around designated ground zero is divided
into areas, or cells, of equal probability of getting hit.
Thus, the probability of damage for a missile becomes
L} (1) (G.23)

P, = &= P I G.

The probability of damage from a hit in cell i, Py (1),
i

is calculated by finding the intensity I at the slant range
determinead from the centroid of cell i (see Appendix C),
and then using aequations (G.2) and (G.4). The Pdi(x)'a
found for esach cell are summed and divided by the total
number of cells, N, to obtain Pg: Knowing Pygr the proba-
bility of survival P! -] - Pge |

Calculating the Cell Centroids

A 1l0=-cell space around DGZ is shown in figure G-3.
Fox convenience, each cell is numbered. The dot inside
each cell is the cell centroid, whose position must be
known to calculate the slant range. Each centroid is
defined by <p;> and <91>, where <0y is the distance to the
centroid of cell i from DGZ (the center of cell #l), and

<8,> is the angle between <p;> and the x-axis. <p,>
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Fig. G=3. A l0«cell Discretized Space Around DG2Z

and <6,> are derived such that they define cells of equal
probability. : :

A number of steps are necussary to obtain an

expression for <p,> using tha following variables:
i

Pyt outer radius of cell i

n.s number of cells in ring r

Nr' numbar of cells inside ring r

NT’ total number of cells
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A ring of cells is a group of cells with equal radii, such
as cells #2, 3, 4, and 5. Therefore, for any cell in ring
Lyr Py of that cell is synonymous to Py for the ring. Pror
a 10-cell configuration, the following table c&n be con-

structed: _
Bing M e
1 1 1
2 4 5
' 3 5 10

Since equal probability cells are desired, the
total probability of hitting inside ring :'in Nr/NT' and

in turn this is agqual to

1 1 p?
2_"07 ‘xp[—i- (0‘) ] 21mpdpd® (G.24)

|
foi
[ ]
—
ko)
[ 21

for all 6. The above integral can be solved analytically

e =S

using the substitution w = p/0 to obtain

; N p. 2 '
m ﬁ'f'- 1 - exp[-%‘-(-jf") ] (G. 25)

solving eguation (G.25) for Py results in

N K
X
Pr ™ o(-2 1n (l-'ﬁ;)] (G.26)

Equation (G.26) can be generalized by expressing ¢ in terms

wf CEP using equation (G.ld):
m (
j 103 ,
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L

2 =

- s B =

Nr

Py - 1ln(l - ﬁ_)

——— 1 T

CEP o (G.27)
In2

The following aquation is used to find P

P
f p£(p) 2mpdp

R
Y=l
P By (G.28)

£(p)2mpdp

r=1

Substituting the expression for f£(p), and using equation
G.24) yilelds

Pe
; N 2 2
<er> » -ﬁf- crpfl exp[-%‘- (%) ] %-5- dp (G.29)
| re=

Equation (G.29) is solved by making the substitution
w = p/c and then integrating by parts. In terms of CEP,
the result is

¢P.s N p _‘ p p 2
o " ) o exel- l’“‘cn:r») ] - zEp oxp(-1n2(gEp) |
x .5 -] pr 5 Pr_l .

+ (m) [CNF((2 1ln 2) -'é'E—E) -~ CNF((2 In 2) —C'-E'TP-)]

where CNPF(x) = cumulative log normal function for an argu-

ment x, as evaluated in equation (G.4). For the l0=-cell
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system, the following values are obtained from equations

(G.27) = (G.30):

TABLE G-I

VALUES OF <Py

1 0.3899 0.0
P! 1.0 , 0.7109
3 ® 1.509

Thus, <Dr> can be found by multiplying <Or/CEP> by the
givean value of CEP. .

Table G-II shows values of 91 found by inspection
of figure G-3.

TABLE G~-II

VALUES OF <Oi>

0.75"
1,257
1.757™

oOwoo~NohnUnNnawhE-

!—l
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Appendix H.- Data for Choosing the Upper

Limit of Bursts

As hentioned in Ohaﬁter 111, the upper limit tn

the number of bHurasts that will cause'a miaaile 8 akin

tenperature to rise was determinad to bo elght. ‘This limit
was astimdtéd by caldulaélngftha maximum'témparahure reachmd
for a serius of bursts and assuming that each RV lands at
its denignated ground 7ara (4 1-cell CEP). The following
table summarizes the data uzed ko arrive at the upper limit
by xncludtng the resulty ﬁcr 4, 7 8 and 9 bursts., It
ghould be noted that mimsiles below #1l3 rejguired fever

than alght bursts to reaéh a maximun tampmr&tura. but

thest misasiles have no probability of survival for éven

four bursts.

106




TABLE H-1

DAYA USED TO DETERMINE THE UPPER LIMIT OF BURSTS
FOR A 1-CELL CEP

o A .
Maximum Temperature Reached (°K)*

Missille 4 Bursts 7 Burats 8 Bursta 9 Burats

g ¥ e Jwl2 Jm13 Jm13
21 2,615 3,602 3,611 3,611
. g@ 23 2,576 3,543 3,564 3,564
31 1,175 1,550 1,565 1,565

: 33 1,169 1,541 1,558 1,558
| N 37 891 1,145 1,157 1,157
- 41 710 886 895 895
| ﬁ 43 708 883 893 893
r 47 594 721 729 729
B % . 51 514 607 612 612
53 513 606 611 611

ﬁ 57 458 528 532 532
i 61 418 471 474 474
| 63 418 470 473 473
| % §7 389 429 431 431
71 367 398 399 399

j B 73 366 397 399 399
| 19 350 374 375 375
L ﬁ 81 337 356 : 157 357
3 337 156 357 357
93 320 331 331 331

*Tamperatures are rounded to the nearest degree:
howevar, all ma<imum temperatures for 8 and 9 bursts were
agqual before rounding.

j w timestep when maximum temperature was reached.

Yireball rise congidared for all results.

ﬁ Migsiles were launched when silo #1 was hit (tbl
= 0 gac).
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Appendix I. Data for Choosing the Maximum

Number of Time Steps

As mentioned }n Chapter III, the maximum number of
time steps needed to determine the maximum skin temperature
was chosen to be 1l. This choice was based on the results

; from a l-cell CEP, 4 burat scenario for several missiles.
Table I-1 summarizes the results for eight missiles along

» the length of the field.
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Appendix J. Data for Figures in Chapter 1V

B
L

This appendix contains tables of data that were

! used to plot figures 8, 9, and 10.
g'.
fil TABLE J~-I
DATA USED TO PLOT FIGURE 8, TEMPERATURE RISE FOR
E THE CUMULATIVE CASE (1~CELL CEP)
e} T e R U
\. 1 Burst 2 Bursts 3 Bursts 4 Bursts
3 T,(°K) 3 T,(°R) ) TR 3 T,(°K)
f ﬂ 1 325.40 1 325.40 1 325.40 1 325.40
: 2 374.45 2 377.49 2 377.49 2 377.49
' 3 392.67 3 447.08 3 447.08 3 447.08
4 400.78 4 491.91 4  505.69 4 505.69
ﬁ I 5 405.62 5 508. 35 5 574.46 5 574.46
| 6 406.99 6 514.60 6 604.06 6 638.73
7 404.98 7 513.99 Vi 608. 34 7 693,58
l 8 400.28 8 507.85 8 604.07 8 704.54
9 393.33 9 496,97 9 592.34 9 695.66 -
ﬁ 10 385.51 10 483,00 10 575.02 10 677.84
' 11 466.01 11 552.79 11  652.34
12 527.99 12 622.02
* 13 502.76 13 589,68

N
e Missile #41.

- Laur.:h time: 0 sec.

Time of first burst: 0 sac.
T"ireball rise not considered.
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TABLE J-II

R C R

l DATA USED TO PLOT FIGURE 9
ﬂ e step = t . Time step = max
: 0o -]
] 3 '1‘2( K) 3 t/tw i‘a( K)
1 325.38 1 0.25 297.48
} 2 377.35 2 0.75 325,37
3 446.83 3 1.25 354,82
4 505.59 4 1.75 377.30
5 575.00 5 2.25 409.94
6 640.35 6 2,75 446.75
| 7 697.09 7 3,258 475.00
4 9 701.93 9 4.25 543,49
i 10 685.22 10 4.75 574 .80
H 11 660.33 11 5.25 601.23
! 12 630.17 12 . 5.75 640.16
; 13 597.60 13 6,25 674.26
| 14 6.75 696.77
ﬁ 15 7.25 706.13
16 7.78 709.25
17 8.25 706.72
I 18 8.75 701.46
19 9,25 693.58
| 20 9,75 684.81
ko 21 10.25 673.15
B 22 10.75 659,95
23 11.25 645.37
24 11.75 629.86
I 25 12.25 613. 80
26 12.75 597,31
27 13.25 580. 40
i 28 13.75 563.43
29 14.25 546.58
30 14.75 529,71

Missile #41.

Launch time: 0 sec.

Time of first burst: 0 sec.
Fireball rise considered.
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TABLE J~III

DATA USED TO PLOT FIGURE 1.0
(Cumulative Results Given in Table J-II)

%

n .

Burst #1 Burst #2 Burst §3 Burst #4
| 3 T,(°K) j  Ty(°K) j  T,(°K) 3 T,(°K)
1 325.38 1 324.33 1 321.99 1 326.51
2 374.31 2 371.75 2 366.19 3 376.54
3 392.41 3 388.05 3 379.86 3 390.88
4  400.50 4 394.30 4 283,78 4 393.82
5  405.42 5  396.80 5  384.74 5  393.34
6  406.96 6  396.31 6  382.91 6 389.89
7 405.14 7 393.12 7  378.67 7  383.91
8  400.62 8  387.40 8  372.42 8  376.05
9  393.78 9  379.77 9  364.52 9 366,51
10 386.06 10  371.68 10  356.54 10 357.00

Missile #41l.

Launch time: 0 sec,

Time of first burst: 0 sec.
Fireball rise considered.
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Appendix K. Computer Programs

H

This appendix contains two computer programs. The
first one presented is Program Therm, written in PORTRAN77.
This program calculates the probability of survival for
the cumulative case. Preceding the program is a list of
variables and a flow chart. The second program, written
in Basic, calculates the probability of survival in the

noncumulative vase.

- o
- T, “
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NAME

Main
Programs

a
alfa
alpha
alt(1ll)

ang(ll)

angdata(71)

Bl,B2,B3,B4
beta

Cp
d
dcr(4,11)

drd
h(1ll)

HEfb(4,11)

HiT

WY g m w'a Sie Ala B

— L O

Variable Listing for Program THERM

radians

degrees

J/mz-n-°x

°K

DESCRIPTION

am= cppd

"absorptivity of aluminum

a’ = .S*In(I..*I.k)

arcay containing altitude at
time stop J

array containing missile
flight path angle at time
step J

arra cantaining data for
missile flight path angle

cell number of burst 1,2,3,4
” = (l/d.lOB)*ln(I‘k/I..)
specific heat capacity
thickness of missile skin

array containing ACT for burst
k at time step 3

missile down-range~distance
from fiiret row of silos

array containing heat transfer
coefficient at time step J

array containing height of
fireball for burst k at
midpoint of time step 3

highest maximum temperature
reached during calculation
of P‘
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NAME

sk

LowT

lt

maxb

Mn
Ps
rho

rhocqp(lO)

sunmPd

8x(100)
sy (100)

Tal

tbl
Temp (11)

tf
theta(l0)

°K

radians

DESCRIPTION
sure-kill intensity
sure~safe intensity
time step
burst #
lowest maximum temperature
reached during calculation
cf P

. [y
missile launch time

maxi?um number of bursts
(< 4

missile ¢

probability of survival
density of aluminum
Ei’ig‘:n%i“t:*ﬁ%ﬁ%‘.*:i‘é;1a°§z"“‘
cell i

sum of P4y (MaxT) for each burst-
missile configuration

x-coordinate of silo position
y=coordinate of silo position

ambient air temperature at
time of first burst

time of first burst

array containing ambient air
temperature at time step 3

thermal fraction

array containing values of the
angular location of the centroid
call of i

115

T oa v oo e Y ¥ A U )

MR SANLEOASG LA AL AL XS MO ’

R I N I T LA L L LN USRS DAY
p S msd wan ane &




E

& ' ) . !

NAME
ul

vdata(5l)
vel{ll) -

w .
xdata(Sl)

zdata(51)

Subroutineis Only ambiguous

Tcalo:
nb
tb
sb

newbst

clvar:
dgzx,dgzy

Mny

ft/s

n/s

MT

e

ft

bl G |l; quq N
".-'n:"..( l‘ Tl

ONITS

; of time

missile dlst

DESCRIPTION

upper limit te & of cells
congidered (¢ 1M

«rray containing da=za for
m*usile valocity as a function

array containin§ data for
missile velouity at time
step. j :

‘yidld in megaton.

array conta ning data for -
migsile alt tudq as ﬂunction
of time

array contalping data for o
ce from silo . 0
as a function df time

WM

variubles are listed - !

1 E AT ' B | [

number of bursts
time of burst
gilo of burst

loglical variable: TRUE when
anothar burst odcurs during j

Z = (lnMaxT - a“)/B”

x and y coordinate of desig-
nated ground zero

nissile y coordinate
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 aME UNITS DESCRIPTION
InigCh:
'ﬁm / '. £ s time into missile flight
S ey,
- tb v s time of burst
' ,:,(-' -ﬁp e normalized time
ot .  . '. s - time after burst
. oTa,ora - fraction of thermal aenergy
: emitted up to beginning and
up to end of time step J
“ \\ .f' ’ Mnx m missile x coordinate
= td, tu s integer times above and below t
t n tiﬁ\c of interest
‘.;ﬁ:; HCalg:
op J/kg=°K specific heat capacity of air
I Re - Reynolds number
Pr - ' ' prandtl number
I Nu - Nusselt number
l Ta °K ambient air temperature
' 4 N/m2 ambient air pressure
H rhoa kg/m3 ambient air density
' mu kg/m=-g ambient air viscosity
i ﬁl“‘f kappa J/m=8=-°K ambient air conductivity
\. xm m point along missile skin .
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Call GLATA

T

Initialige Data Files and
Calcoculate 8ilo Positions

Retuxn to MAIN
Prompt Usex for Input:
Mn, 1lt, maxb, €bl, wl, rise

NO ]

Call InitCh

Y

Calculuta ¥issile Characteristics,
h, and wmvient Air Temperature

i

Call “MeChar

-
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Return to InitCh

Y

Call HCale

'

Return to Initch

!

Return to MAIN

Call F3Calc
Caloculate Fireball Charucteristics

!

Call CT

Y

Return to FaCalc

:

Return to MAIN

Y

Call TCalc for Each Burst-Missile Configuration

|

Calculate Maximum Temperature
and Probability of Damage

ey
P

-
e !

>

-
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' Caloulate Probebility of SBurvival and
o Write :hﬁo:nnﬁionqtp,gpq;ut'ri;n o
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PS04 20 00 000 10002006 000 00 00006 00 000 03000 0000 00 030 3000 00 10 030 00 00 00 009000 00 000 30 0 50 9496 09090

PROGRAM Tharm

Uritten by 2.t Barhara A. Hall, GNE-B85M
Alr Force Inmtituts of Technology
Fall Quarter, 1084

This orogram culoculates the probability of survivel of a missile
subjected to tharmal radiation from a series of bursts for the
cumulative cuse. The scenario modeled in this progiem 1s the
Peacekespar closs-spaced basing formation, or Denas Pack.
Oretalils of the scenario are as followst

Threat 1 Ualk attach: starting at silo #1 and procesding every 2
geconcs to successive silos
Surface bursts
Yield of wach burat s 2 MNT
Aiming error only for designated ground zsro

Missile » Aluminum skin
Ins « 819 K, Iok 1 809 K

The progrem Will prompt the user for the following informations

Missile #

Laurnch time (seq)

i noer of bureta to be concidered 1+ must be <= 4

Timo of fizst Surst (sec) 1 must be an sven number and
_ ya ta the launch time

Numbar of culls to be conwldered s butwsen 1 and 10

Option for fireball rise 1 rise = 1

Results of the calculation will be placed in the file "thm.dat"
Thm.dat will contain the above information plus the lowest and
highest maximum temparatures calculated during the run and the
misaile's probubility of survival,

% & X 5 5 % % % ¥ & & ¥ £ % % 5 & B &£ &£ 3 ¥ & & & & & & ® & X & ¥ 5 Fr I
. ¥ B X ¥ X X X X % 5 % ¥ 5 & 3 &£ X% & & & &% X % FF FF T X E X EF

k D0 000000 00 000000 00 4 00 0 900030 0 0500 00 0 3000 0 000 0 0000 00 00 000000 0000 000 010 0 D100 00 0100 00 6 00 0 0

PROGRAM Therm

INTEGER tb1,Mn,maxb,B1,82,83,84,ul,rise

HEAL iss,luk,Y,u,alpha,bebta,tmax,tf,rho,alfa,Cp,t.a,it

REAL vdate,zdata,xdata,sngdat,sx,ay,chocep(10),theta(10)

REA. val,alt,drd,ang,h,Temp,Ta0,dCT Hfb,LowT,HLT ,sumPd,Ps
COMMON /blockt /vciata(51),zdata(51),xcdata(51),angdat(?1)
COMMON /block2/sx(100) ,ey(100)

COMON /block3/vel(11),alt(11),drd(11),an9(11),n(11),Tema(11)
COMMON /blocka/dCT(4,11),Hro(4,11)

COMMON ‘blockd/tf alfa,Y,0,alpha,buta

DATA 81,82,083,84 /4%0/
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DATA rhoclp /000' 07109' +7108,.7108, +108,1 «508,1 0509'1 .509. f
+ 1 .509.1 0509/ )
OATA theta /0.0,.70538,2,35616,3,52088,5.49778,0,0,1.28683,
+ 2,51327,3.76881,5.02854/

C Main Progrsm
Tss = 818, |
Isk = 808, 1
Y= m. -
alpha « (1./2,)%AL0G(Iea*Iak) '
bets = (10/“;1“)'&W(I"(/I.‘) ]
tmax = ,0417%(Y4% 44) ]
tf = .18

t Values for Aluminums
rho » 2700,
alfa = 50
CP « 500,
de .ml
a = Cvirhaoid
CALL Gdata
OPEN(2,filex'thm.dat',atatuse'new' ,accesss'sequential’, forme

+ 'formatted')

1 WRITE (%,'(A2)') ' missile # (Enter 1Mlor greater to exit)s '
READ (®,'(BN,I4)') Mn
IF (M «GT. 101) GOTO 100
WRITE (*,'(As)') ' Designated launch time (sec) '
RERD (*,'(BN,F4.,1)') 1t

2 URITE (%,'(A)") ' Number of bursts «ed) to be considersds '
READ (¥,'(EN,I1)') maxb
IF (IIIXb 6T, d) GoTO 2

3 WRITE (%,'(Az)') ' Time of first burst (must be >= 1t & even)s '
REAC' ,'(BN,13)") tbi
IF (tb1 LY. 1t ,OR. INT(tb1/2) .NE. tb1/2) GOTO 3

4 WRITE (*,'(A2)') ' Numbsr of nells to be considereds '
READ (*,'(BN,13)') ul
IF (ul «LTo 1 4OR. GT. 10) GOTO 4

5 WRITE(*,'(A%)') ' Type 1 17 went firetall riss, O if naots '
READ{*,'(BN,I2)") rism
IF (rise NE. O ,OR, rise (NE, 1) GOTC 5

CAL. InitCh(tb1,lt,tmax,Mn,Ta0)

W L Y/ 1@-

CALL FBCalc(maxb,tbl,tmax,rive,u)

Lowt and HIT are initislized

Low? = 1,08+8

HiT = 0.0

md =» 0.0

c Calculate thy maximum sikin temperature and probabliity of damage
for & total of 10%*maxb burst - missile configurations.
Bk = curcent cell rumber of bursh k

IF (maxb .EQ. 1) THEN

a0 o
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001081 » 1,3
CALL TCllc(B1 .82.B3.Blo.m.tmx.tb1 .mnxb.TuO.rhoc:np.thctl,
+ sumPd, LowT ,HiT,1t)
10 CONTINUE
T 00 20 B2 = 1,ul
1™ D0 20 B1 = 1,ul
| CALL TCII.G(B‘] .BZ.BS.BC.IM.tmx.tb‘I .nllxb.TlD.rhoclp.thltl,
. + Iul‘pd'LWT.H’-T.It)
‘ 20 CONTINUE
ELSE IF (maxb .EQ. 3) THEN
00 30 B3 = 1,ul
H 00 30 B2 = 1,ul
DO 30 B% = 1,ul
CALL TCalc(B91,82,83,84,Mn,tmax,tb1 ,maxb,Tal,rhacep,thata,
+ sumPd, LowT AT, 1t)
E k1) CONTINUE
ELSE
DO 40 B4 = 1,4l
i 00 40 B3 « 1,ul
D0 40 B2 = 1,ul
D0 A0 B1 = 1,ul
e CALL TCalc(B1,82,83,84,Mn,tnax,thl,maxb,Ta0,chocep,theta,
@ + ll.llPd.l.WT.HiT.lt)
40 CONTINUE
I END IF

C lUrite to file
WRITE(2,89)
89 FORMAT(' )
WRITE(2,80)Mn,1t,maxb,tbl,ul
80 FORMAT(' mX #',I2,' launch t » ',FB5.2,' maxtm',I2,' tbie'
+ w12, # cells ¢t ',I2)
, IF (rise .EQ. 1) WRITE(2,81)
o 81 FORMAT('!  Fireball rise considersd')

WRITE(2,97)LouwT,Hil
87 FORMAT(' Lowsst T « ',F8.3,' Highest T = ',F9.3)
ﬁ Ps = 1,0 - (sumPd/{ul**maxb))
URITE(2,05)Ps
\ B5 FORMAT(' Ps = ',FB.4)
.- GoTo 1
100 CLOSE (2)
ke END

e
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SUBROUTINE TCalc ~ Tempersturs Calculation

Passed 3 B1, 82. 83, B4, l‘h. tmax, tbl, maxb, Ta0, rhOBIP(10).
theta (10), suwPd, LowT, HiT, 1t

COMMON ¢ .u(1M)' .y(1m)' V.l(11)' Ilt(11)| drd(11). .M(11)'
h(’1). TW(‘-‘), WT(4.11). Hfb(4.11). tfy, alfa, Y, 8,
llﬂ‘\l. beta

I

Called by 1 Main program

ST

B

Purpose s Calculates the maximum temperature and corresponding
probability of damage for the burat missile configur-
ation defined by cells Bk

IR T

e

o

Calls 1 ClVar = Cell Variables
MaChar - Missile characteristics (IF NECESSARY)

S
_ "

e
B X ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ & ¥ ¥ ¥ ¥ ¥ ¥ X

* & ¥ & 5 & 3 & & & ¥ & 3 % x € =

U0 TS 0 0 S0 0 00 00 00 00 00 0 000 00 0 0 0 0 00 0 00 00 0 00 00 0 00 00 0 0 00 0 000 00 0 0 0 0

‘

SUBROUTINE TCalo(B1,B2,B3,84,Mn,tmax,tb,maxb,Ta0,rhocep,
‘. theta,sumPd,LowT HiT,1t)

INTEGER B1 .32.83.84.1'\1.%!:1 .m.“llm'eb.w

fEAL tmx.l'th.t.tf.Y.llfI.dQ.T1 ,TZ.SR.CF.TIU.TIO.M.PCH..Z
REAL “pl,.ﬂ'm.ﬂ“o’ .thotl(ﬂl) svel,alt,drd,ang, by Temp,dCT,2p,P2
REAL m.lt.\l.h’.d‘\t.u.ﬂ'lipt

REAL LowT,HiT

LOGICAL newbst

COMMON /block2/sx(100),sy(100)

COMMON /block3/vel(11),alt(11),drd(11),ang(11),h{11),Temp(11)
COMMON /blockd/dCT(4,11),Hfb(4,11)

COMMON /blackB/tf,alfa,Y,a,alpha,beta

X
-

‘o
-

=

n =1
j=0
T = Ta0
T2 =T +1.0
c Condition for cortinuing calculation
10 IF (T2 GE. T1 JAND, J oLE. 9) THEN
‘ERER
c If new burst has detorated during J, incrsase § of bursts by 1
IF (nb oL.Ts maxb (AND, j*tmax JGE. 2.1'*) THEN
thwnb +1
rwwbest = (TRUE.
ELSE
newbst = FALSE,
END IF
Cﬂ o 0.0
Calueulats dQ for each burst k at time step
DO 20 k = 1,nb

- "ad =

1
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th = tbl + 2#(k-1)
sb = (tbe2)/2
IF (k JEQ. 1) YVEN
. cellno = Bt
! ELSE IF (k JEQ. 2) THEN
cellno = B2
. ELSE IF (k .EQ. 3) THEN
g cellno « B3
ELSE IF (k .EQ. 4) THEN
callno = B4
END IF
It nevw burst has just ocourred, must calculate missile ‘
characteristics at micdpoint between tbk and J¥tmax g
IF (newbat .AND. K (EQ. nb) THEN
t = thialt + Jtmax = (tbieJ*tmax~th)/2,
- CALL MeChar(t,v,height,x,phi,ex(Mn)) .
| CALL ClVaz(3R,CF,Tau,vsheight,x,phisex(r),sy(sb),
. + sy(Mn),rhocep(cellne) , theta(cellno) JHfb(k, J))
4 ELSE
W CALL ClVar(SR,CF,Tau,vel(d),a2t(]) dzd(J) ang(d),ex(ab)
I + +8y(sb),8y(Mn),rhocep(cellino), theta{celino),
- + Kk, d))
ENO IF
K o0 = dQ+aCT(K,J) HeTYNTQUNCF A, 188012/ (4, %3, 14150%(BR¥42) )
‘ 20  CONTINUE
T2 = (T1%(a=h{J)*tmax/2, )+h(J)*tmax*Temp( J)+alfatdq)/
+ (ash(J)*tmax/2,)
IF (T2 6T 1) T1 = T2
1 GOTD 10
g END IF
| MaxT = T
IF (MaxT oLTs LowT) LowT = MaxT
IF (MaxT .GT. HiT) HiT = MaxT
c Calculate the probability of damage and add to running sum
Z = (ALOG(MaxT) = alpha)/beta

o0

Zp = ABS(2)
Pz = 1,~1 ./(2-’(1 .+.1m'lp+.115194‘(19"2)4».@34“
+ (Zp"3)+,018827%(Zp**a) )¥e4)
IF (2 .GE. 0.0) THEN
Pdi = Pz
ELSE
Pdl = 1.0 - Pz
1 END IF

- sumPd = sumPd + Pdl

END
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Pagsed s SR, CF, Tau, vel(J), alt(J), drd(J)s ang(J), sx(sb),

Called by : Subroutinme TCale

Purposa t Calculates 3R, CF, and Tau using the given missile

SUBROUTINE ClVar - Cell Variables

sy(sb), sy(M), rhocep(cellno), theta(cellno), Hfb(k,J)

* & & x & ¥ ¥ & 3

and burst characteristics

S0 T8 00 D000 000 00 00 00 00 00 00 00 00 00 000 00 00 0090 100 030 00 00 00 00 104011 00 00 30 204000 00 00 00 000 0 00 00 40 00 000 04 0 0040 0000 0000 0000 40

SUBROUTINE C1Var(SRoCF,Tau,V,2,X,phi 092X, 0g2Y,Mny,rocepd
thetad,fbh)

REAL SR,CF,Tauyvyz,xyphl,dgzx,dgzy,Mny,rocepl,thatal,fbh
REAL rhol,xb,yb,gr,cosphi

C Note: CERP = 200 meters

thol = rocepi*200
xb w dggx + rholnCOS(thetal)
yo = dozy + thai%3IN(thetad)
e = BURT((Mny-yb)#e2 + (x-xb)#e2)
SR = SORT(Qr4%2 4 (z-fbh)#2)
IF (v -EQ. O) THEN
CF =10
ELSE
cosphl = ((x=-xb)#*COS(phi)+(z-Fbh)*vaSIN(phi))/(3R%)
CF = SQRT(1+ = comphine2)
END IF
TatmEXP (=, 02458~8,4300-843R~1 ,4070-3%(SR¥*2 )41 ,7020=144( SR**3))
END
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SUBROUTINE InitCh = Initial Characteristice

Faasad @ th1, 1t, tmex, Mn, Ta0 '
COMMON 1 sx(100), sy(100), vel(11), akt{11), drd(11), ang(11),
h(11)y Temp(11)

Called by 1 Main program

Purpose 3 Calculates and stores missile characteristics, h, snd
ambient eir temperature for sach time step up to J =» 11,
Values are calculated at the time step midpoint ¢ »
(b1-18) + (J=¢8)%tmax -

Calls s MsChar = Missile charactaristics
HCalc ~ Heat tranafer cosfficlent calculation

= & 5 £ % ¥ X & & ¥ ¥ ¥ ¥ % & & ¥
%x % & x &£ % ¥ & & & * ¥ & & ¥ ¥ &

00000000 0 040 0 00 -0 00 0 00 0 0 - -0 00 00 0 00 0 0 00 0 0 0 0 0 0 000010 0 0 0 0 0

SUBROUTINE IndtCh(tbi,1%,tmax,Mn,Tal)

INTEGER tb1,Mn
REAL lt.tmx.w.tm.vﬂ.zo.nﬂ.d'do.hﬂ.hﬂ
REAL vel,alt,drd,ang;h, Temp,ax,sy
COMMN /bi.cok2/sx(100),sy(100)
C Only ox will be used in this subroutine
COMMON /block3/vel(11),a2t(11),drd(11),ang(11),h(11),Temp(11)

C Find air t~mperature at t0
t0 = tb1 ~ 1t
CALL mt(w.vﬂ.:ﬂ.m.phm.lx(m))
CALL HCale(v0,20,h0,TeD)
C Calculate missile characteristics, h, and Temp for midpoint of exch
time step J
DO 10 § = 1,11
tm o £0 ¢ (J=oB)*tmax
CALL MeChar(tm,vel(J),alt(J),drd(J),ang(])sex(Mn))
CALL HCale(vel(J),alt(J)sn(J),Tema(J))
10 CONTINUE
END
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SUBROUTINE FBCalc - Fireball Calculstions

Passad : maxb, tb1, tmax, rise, W
COMMON ¢ oCT(B,11), Hfb(8,11)

Called by 1 Main Brogram

Purpose 1t Calculates oCT and Hfb for sach burst k at wach time
step J

Calls ¢ Function CT = calculates CT at time tp

* % 3 5 & ¥ ¥ & & & S
T F ¥ & ¥ ¥ & ¥ & 5 * 5 &

U000 100 00 00 0040 0000 000 00 00 0 00 00 00000 00 0100 0000003 010 00 0 000 1 00 0 000 00 000 00 000 40 000 00 9 00 0 00 0

SUBROUTINE FBCalc(maxb,tbl,tmax,rise,W)

INTEGER n\lxb.tb‘l .w.tb.l".“

REAL tmax,CT,dCT,Hfb,CTu,CTd,W,t
LOGICAL newbat

COMMON /blecka/dRT(8,11),Hrb(4,11)

£ Initialize arrays
DO B Kk nid
008 J= 1,11
dCT(keJ) = 0.0
Hfb(kpd) = 0.0
8 CONTINUE
e
C For each time step Jt
0010 J » 1,11
c If & new burst has detonated during J, incresse # of bursts
IF (nb «LT« maxt AND, J*tmax .GE, 2%nb) THEN
nbenb+1
newbst = \TRUE,
ELSE
newbst » FALSE.
END IF
c For sach burat k that has ocoured
D020 k = 1,nb
th o tb1 + 2%(k<1)
c Find dCT for burst k at time tp = t/tmax
tp = (tb1 + j*tmax - tb)/tmax
IF (tp «LE. 10) THEN
CTu = CT(tp)
tp L tp - 1,0
IF (tp .GT. O) THEN
CTd « CT(tp)
ELSE
CTd - 0.0
END IF
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dCT(keJ) = CTu - CTd
END IF

C 1f required, find fireball height far burst k at time ¢
IF (rise (EQ. 1) THEN

If a new burat has just occurred during j, then

Hfb is calculated for the midpoint of the timm

from tbk to t = j¥*tmax. Otheruise, Hfb is

calculated at the midpoint of time step J

IF (I'M.t «AND, k .EQ. l'b) THEN

t = (tbl + J*tmax « tb)/2,

o000

ELSE
t = th1 4 (J=oB)ttmax = tb
END IF
Hfh(k.J) " 21640.8‘(\0‘".1??)‘(1 o'(1 Q‘t/:“Ol )“2)
END IF
20 CONTINUE
10 CONTINUE

END
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FUNCTION CT

Passad 1 CT, tp

Called by 1 Subroutine FBCalc - Fireball caltulations

Purposa @ Calculates CT at normalized time tp from squations
determired ueing linear regresaion on Figure 7.84 of
Glasatana snd Dolsn (Glasstone and Dolan, 18771311)

m

¥ ¥ & % ¥ ¥ £ % ¥ % =
x & & % ¥ % & & & ¥ ¥

FH0HT0A0 001000 10 0 0000 000 0 0 00 4000 000000 000 00 0 00 000 0000 00 0000 00 0 0 000 100 00 00 0 00

FUNCTION CT (tp)

IF (tp JLE. .75) THEN
CT w =029 ¢ 426%(tp¥e2)

ELSE IF (tp oiTe o756 oHND. t oLE. 105) THEN
LT = J32%p = 12

ELSE IF (tp »GTe 145 «ANDs tp LE. 2-5) THEN
CT » «,257218+,558418%p-,0080029% (tpHe2)

EL3E IF (tp «OTe 245 oANDs tp LT 10,0) THEN
€T » 43358084 ,08409004%¢p-, 0048481 4# ( Lpe2)

ELSE IF (tp +EQ. 10,0) THEN
€T = .80

END IF

END

EL
P
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SUBROUTINE MsChar -« Missilc Characteristica

Passed 1 t, ver(]), alt(J), drd(J), sna(d)s ax{Mn)
COMMON s vdata(S1), zdata(Z1), xcata(51), angdet(51)

Called by s Subroutine InitCh - Initialize characteristics
Pucposa ¢ Calculaten missile velocity, altitude, down-range-

distance, und flight path angle at time t using data
files creates from plot of missile behavior (Figure 1)

® & & ¥ X ¥ 5 ¥ ¥ X ¥ =
®x & 3 & ¥ ¥ ¥ & & & ® ¥

SN 0000000 000000 0 000 000000 00 0 000 00 000 S0 IS DO I IR e B IS R R R

SUBROUTINE MaChar(tyvezyxyphi,Mnx)

REAL LavaZoyphl,Mnx

INTEGER td,tu

HEAL vdata,zdata,xcataj,angdat

COMON /bleek/vdata(51), 2data(81 ), xdeta(51) ,angdat({M)

C Dstermine lowe: and upper limit of Lnto:pohuon
td « INT(L)
iwtd s
C Find velocity, sltitude, and diatance from silo
If (b «GT. 50) THEN
v = 108,% « 1350,
z = 2480, - 88000,
x = 3700.%¢t -~ 127000,

ELSE
c Use lirwar interpolation to ssiculate valus
v » (t-td)*(vdata(tus1)~vdata(tds1)) + vdata(tds1)
z = (t-td)*(zdata(tust )=zonte(tds1)) + zdata(tdet)
% w (b-tad)%(xcata{tust Jondatu(tds1)) + xdata{tdel)
END IF
C Find flight path angle
IF (t .GT. 70) THEN
phi = 30.8 - ,A#(t-70)
ELSE
phis(t-td)*(angdat(tus1 )=angdat (td+1))eangdut(tde1)
END I¥
C Convert to muters and radisns and caloculate down-range=distanca from xe0
v o« v, 3008
2 w« 24,3048
X w %%, 3048 + Mnx
phi = phi®3.14158/180,
END
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SUBROUTINE HCalc - Heat Transfer Coefficient Caleulation
Passad 1 vel(J), alt(d)s h(J)s Temp(J)
Called by s Subroutine InitCh - Initislize charscteristice
Puzposs ¢ Caliulates h using missile velocity and ambient air
propertiss at miseile altitude. Alir properties are

found using equations from US Standard Atmosphere
(NOAR, 1878:6-30)

* & & & ¥ 5 & ¥ 5 5 X ®
¥ ¥ ¥ X ¥F ¥ ¥ & x ¥ & 5

SO0 00 00 0000 00 00 0 00040 0 0 00 00 00000000 000 00 0 00 00 000000 00 40 10 00 004030 0090 10 0000 04 00 000000 00 00 1000 40 0000 00 90 0 41 0 0 30 0

SWBROUTINE HCalo(v,zshte,Ta)
REAL Vy ".l\tu.h
REAL DPIFQ.PI‘.NU,M.P.!‘M.W"“W.

C Find smbient air conditions st z using US Standard Atmosphere ecuations
IF (2 LT, 11000,) THEN
Te » 208,15 = .006548%2
P = 101300.%((288,15/Ta)#¥(-,034184/,008645))
ELSE IF (3 +GEs 11000, +AND: 2 oLTs m.) THEN
Ta » 218,08
P 22680, HEXP( =, 0341849 (211000, )/218,88)
ELSE If (3 +GE. 20000, +AND, 2 LT, mc) THEN
Ta m 218,85 + ,O01%(2-20000, )
B w 5520, %((210,58/Ta)*(,034184/,001) )
ELSE IF (l +GE, 37000, +AND, z WLT, “mo) THEN
Ta » 228,83 + .mﬁ'(:-lm.)
P « 088.8%((220,88/Ta)##(,034184/.0028))
ELSE
WRITE(*,*)'z > 47000'
END IF
vhou = JO340A/Te
M = 1,4580-8%(Ta"" .8)/(Ta + 110,4)
kappa «.2,6A83B0-~-3*(Ta"*1,5)/(Ta + 245,4%(10%%(..12,/Ta)))

C Calculats the heat transfar cosfficient at point wm
op » 240.%4,184
xm «» 8,8
Re = rhoatvexm/nu
Pr = mu*cp/kappa
IF (Re .LE, 500000,) THEN
Nu = .332*(91‘“(1-/3.))'(!-’!!“.5)
ELSE
Nu @ ,0208%(Pren(1,/35.))%(Re"*(4,/5.))
END IF
hte o NusKappe/xm
END
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SUBROUTINE GData ~ Get Data

COMMON + vdata(51), zdata(51), xdata(S1), angdat(E1), sx(100),
uy(100)

Called by @ Main program
Purposs 1 Initializes missile characteristic arrays by reading

data from wxternal files and initia)izes silo position
arrays

* & ¥ & & & & & 3 38
* B % & & & & 8 ¥ & X =

0000000 00 2000 00000 00 00 00 000 050 00 00 00000 0 10 00 0 0 000 00 10 0 0 0 0 0 0 0 00 40 0 00 4 0 0 00000 1040 0 00 000 0 00 00 0 10 0

SUBROUTINE Gdate

REAL vtata,zdata,xdata,angdat,sx,sy,dx,dy,rhocep,theta
COMN /block?/vdata(81),zdeta(81) ,xcata(81),argdet (M)
COMMON /block2/ex(100),8y(100)

C Read in cata from files
10 FORMAT(BN,F8.1)
20 FORMAT(BN,F8.2)
OPEN (..fﬂ.l'\llldltlotxt"atltm'old'.
+ sccessu'sequential' ,forme' formatied')
REWIND 8
DO 30 4w 1.31
READ(Y, 10)vdatu(1)
30 CONTINUE
oLosE (8)
OPEN (9,filen'eltdata.tut! statun='old’,
+ access='sequentisl!,forme'formatted' )
REWIND §
00404 e 1.5‘
READ(9,10)zdata(L)
40 CONTINUE
CLOSE (9)
OPEN (10,filen"drddatactxt!,statuse'old’,
+ access«'sequential!,forme’ formatted')
REWIND 10
DO 50 & = 1,5
READ(10,10) xclata ()
%0 CONTINUE
CLOSE (10)
OPEN (11,files'degdatactxt’,statues'old’,
+ accense ' sequuntial’,forme' formatted' )
REWIND 11
DOBOL=1,M
READ(11,20)angdet(4)
60 CONTINUE
CLOSE (11)
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C Calculats and store silo x and y position
dx a 519.‘2
dy = 300,
b0 70 1 = 0,85,5
-sy(i#1) = 0,0
sy(i+2) = 2.%dy
ly(h-:!) u A Mdy
sy(i+h) « dy
oy(1+8) = 3.%dy
70 CONTINUE
Ja0 - |
D0 80 i = 0,38,2
ax(J+1) = i%gx
ax(J+2) = Lvdx
sx(J+3) = ivdx
sx(J#4) = (L+1)%dx
ax(J+8) = (141)%dx
AERER
00 CONTINUE
END

S &
= -

= 0 e
e
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10 REM weRaian

120 TMAX = (0417%Y" .44

THERMAL INTERACTION / Non-Cumulstive Effect #iwsenstes
20 DIM VDATA(S1),ZDATA(S1),XDATA(B1),ANGOATA('M ),MLT(100),9%(100),8Y(100)
30 GOSUB 1100 1 REM Initialize vel,alt,drd,ang,mlt,sx,and sy arrays

40 PI = 3.,14150 1 DIM CT(11)

S0 OATA 0.0,0.2,0.488,0,5763,0.8386,0.8871,0.7277,0.7584,0,7782,0,7802,0.60
G0 FORI = 0 7O 10 s READ CT(I) » NEXT I

70 DIM RMOCEP(10), THETA(10)

80 GOSUB 1020 s REM Call subroutine to initialize N cell centrold co-ords
90 INPUT"Yiedd (KT)™Y s INPUT "N,maxb,rise™sN,MAXB,RISE

100 HOB = 0 5 188 » 818 1 ISK = 600 3 CEPm 200

110 ALPHA » (11/21)%,0G(199%X8K)s BETA « (11/4.108)%.0G(18K/19S)

130 RHO2700 s ALFAw.5 2 CUeB00 ¢ D »,001 tREM values fur Al

140 A = CUMRHOMD ¢ C = ALFAPRAX/(ARAINPT) § TF = 418 ¢ XM = 5,8

150 INPUTHSi10 # and designated launch time™;SN,LT

180 INPUT"Time of Pirst buret (muat be >= launch time and sven)";181

170 LPRINTILPRINT™Snsile #"33N)" Launch t2™jLT3" Firet buxst st time o+™yTBY
180 LORINT™Y(KT)a™sY,"Ns"sN, "maxbie™ sMAXE, "rines " $RISE

1658 LOUT » 10000001 » HIT =« Of

180 GOSUB 230 ¢+ REM Find cumulutive Pa

200 GOT0 %0
210 END
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200 REEI P00 000100 0 0 0000 0 0 D0 U0 00000 0 00500000901 5000 0SS0 000000 00 00
230 REM Subroutine to calculste cum Ps for first four bursts affecting SN
24J FOR NB = 1 TO MAXB

250 TB = TB142%(NB-1) ¢ 38 = (TB+2)/2

260 DGIX = 8X%(S8) 1 DOZY = SY(SB) s SUMPD » OI

270 T0=TB = LT

200FORI=1TON

200 PRINT NB,I

300 J=03sTuTOsGOSUB SI0 + Z=ALT 1 GOSUBBBO s T1 = TA
30 REM )

320 Tud+1 8T at0+ (I=5)TMAX

326 IF RISE = 1 THEN HFB = 21840,8%(Y/10001) %, 177%(11=(11=T/2401)%2)
330 GO3US 510 1 GO3US B8O 5 GOSUB 790 ¢ TEMP = TA

338 DT = CT(3)LT(3-1)

340 DQ = DCTHTF#YSTAUNCF#4,188E+12/ (4%PI¥SR'2)

aso T2 = (T1%(A =HWTMAX/2)+HATMAXNTEMP+ALFA%DQ)/ (A+H¥TMAX/2)
350 LPRINT USING™## "pJse LURINT USING#PHIE.H ™12

k141] REM IF 11 > T2 THEN GOTO 385

380 T1 = T2 1 IF I < 10 THEN GOTO 320

300 REM

308 IF T CLOWT THEN LOUT = T1 s IF T1 > HIT THEN HIT = T4

400 B » (LOG(T1)~ALPHA)/BETA

410 8P « ABS(8B)

A0 PB = 1~11/(21%(114,1508854%8P+ 1151844802+ ,00034446P* 34, 0108274BP"4) *4)
430 IF B>= O TrkEN POX « P8 ELSE POI = 1-pB

440 UMD = SUMPD & POI

450 NEXT I

480 PD=(11/N)"3J9P0 1 P3a11-PD 4 IF NBwi THEN CUMPSePS ELSE RUMPS w CUMPSMPS
460 NEXT NR

482 REM LPRINT™.ow T = "yl

485 REM LPRINT"Cumulative Ps for "jsLPRINT USING™H# "pMAXEs . PRINT"burets iss
"CLPs

490 RETURN
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. 800 Hm 0000100000 U000 000000 007 00 00 0 000 00 04 0 00 D00 00 00 0000 0 0 000 10 000 0 00 00 00 00 40 06 00 1 98 9690 9 9% 06
510 REM Subroutine to find miesile vel,alt,drd, end ang at time T
520 TO = FIX(T) s TU = TD + 1
530 IF T > 50 THEN GOTO B10
IF TaTD THEN VL=VDATA(T)sAL=ZUATA{T)sDRaXDATA(T)sGOTO 820
REM
W = ((T=TD)/(TU~TD))*(VDATA(TU)=VOATA(TD)) + VDATA(TD)
AL = ((T=TD)/(TU=TD))#(ZDATA(TU)=~ZDATA(TD)) + ZOATA(TD)
DR = ((T=TD)/(TU~TD) )*(XDATA(TU)=XDATA(TD)) + XDATA(TD)
G0TO 820
REM
¢ 810 VL w 1054T-1350 ¢ AL » 243047 - 850001 ¢ DR=3700%T-1270001
e 820  IF T>70 THEN ANGs 30.8 - 1%#(T-70) s GOTO 650
830 IFT = TD THEN ANG = ANGDATA(T) s GOTO 850
840 ANGs( ( (T=TD)/(TU=TD) )*( ANGDATA( TU)=ANGDATA(TD) )+ANGDATA(TD))
650 VEL = VL¥.30481ALT = AL®,304330RD = DR®,3048+8X(SN)s ANG = ANG21%PI/360!
880 RETURN

SEEIBEE

G70 REM 00005303000 S 0HE S I IR TSI IS SN IHHHE R A

880 REM Subroutine to calculate SR, CF, and TAU glven ALT

B90  DELTAZ » ALT-HFB ¢ RHOI = RHOCEP(T)MCEP

700  XB = DGZX + RHOIMCOS(THETA(I)) s YB = DGZY + RHOIXSIN(THETA(I))
M0 GR = SGR((SY(SN)-Y8)*2 + (DRD-XB)"2)

720 SR = SOR(GR'2 + DELTAZ'2) & SRX = DAD-XB & SRZ = DELTAZ

730  IF VEL = O THEN CF = 1 ¢ GOTO 780

740  COSPHI = (SRXMVELWCOS(ANG)+SRZ#VELWSIN(ANG))/(SR#VEL)

780  CF = SGR(11-COSPHI'2)

780 TAUSEXP(-.02485-6,438€-05%5R~1,407E~DESR 241 , TH2E-14%8R"3)
770 RETURN

780 REM 000000 003U 06 000 A OO O U1 0 00 0000 000000 00 00 000 0 U0 U 0 00 0 0 D

780 REM Subroutine to calculate hest transfer coefficient, h (I/m2-e-K)

800 Z = ALT 3 GOSUB 880 3 REM Find smblient air rhoa,TA,mu,ka at z

810 CP = 240%4,184

820 RE = RHOASVELXM/MU

830 PR = MUMCP/KA

840 IF RE<=S0N000! THEN NUs,332%PR*(1/3)%RE®,5 ELSE NU=,0288%PR*(1/3)*RE"(4/5)
850 Hw NUMKA/XM

880 RETURN
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U 0000 00 S0 040 030 600 00 D00 0300 30 00 300 000 0000 000 00 00 00000100 00 0000 0000 0000 0000 00 000 0091 96 10 0 3¢

REM

REM Subroutine s US Standard Atmosphere to 47 km

F 2 ¢ 11000 THEN LK = =,008545 3 PK » 101300! ¢ TK = 288,18 ¢+ ZK = O
F Z>=11000 AND Z<20000 THEN LKw0 s PK=226801 1 TKe218.85 s ZK=11000
F

m
-3
o

¥
I
IF 2>=20000 AND 2<32000 THEN LK=,001 1 PKaB528 3 TKe218.85 1 ZK«20000
IF Z>w32000 AND Z<A7000! THEN LK=,0028 sPKe886,8 1 TKw220.8% 1ZK=32000
IF 2 >= 470001 THEN PRINT "2 >= 47000, sc consult NORA for values"
IF LK = 0 THEN GOTO 850 ELSE GOTO 860

P w PKHEXP(-.034184%(2 - 2K)/TK) ¢ TA = TK s GOTO 870

TAnTK ¢ LK¥(Z ~2K) 1 P = PK*(TK/TA)*(.,034184/LK) s GOTO €70
RHOA = ,003484%P/TA
M = 1.ABBE-DB¥TA® ,8/(TA + 110.4) ¢ REM (ko/m-a)
KA = 2,84838E~-03*TA"(1.5)/(TA + 245,4%10°(~121/TA)) + REM J_/(ln-l-K)
RETURN

BE3IZBEER3BEE

8

1010 REM -0 T 0 S 000040 o 00000 0 DA 00 00 00 0 O A S0 S0 0 0 1 R

1020 REM Subroutine to initialize coordinates of N equal prob cell grid
1030 RHOCEP(1)=0! ¢ FOR Ie2 TD 5 : PHOCER(I)w, M09 ¢ NEXT I
1mom;-am1u-m(x)-1;mn¢xtt

1080 THETA(1)=0! s THETA(2)=(2%PI/4)/2 s+ THETA(S) = OI

1080 FOR I « 3 70 5 3 THETA(I) = THETA(I=1)+(2%PI/4) s NEXT I

1070 FOR I = 7 T0 13 ¢ THETA(Z) = THETA(I-1)+(2%P1/8) eNEXT I

1080 RETURN

1000 REM SHHEHHHHEHHEHEHHHR S HEHHHHE NI IO 0

1100 REM Subroutine to initialize vel,elt,drd,ang,mlt,ax,and s¥ arrays
1110 OREN "I", 1 ,"Bsveldata.txt®

1120 FOR I = O TO 30 ¢ INPUT #1,VDATA(Z) s NEXT I 1 CLUBE M

1130 OPEN "IV, #2,"Bealtdata.txt™

1140 FOR I = O TO 80 s INPUT #2,ZDATA(T) s MCXT I 9 CLOSE J2

1180 OPEN "I",#3,"Bsdrddata.tut”

1180 FOR I = 0 TO 50 ¢ INPUT #3,XDATA(I) s NEXT I s CLOSE #3

1170 OPEN "I”."‘ ."Bad.gdltl.txt"

1180 FOR I « 0 TO 70 s INPUT #1,ANGDATA(I) s NEXT I » CLOSE M

1180 CPEN "I", 1 ,MBaMLO.txt"

1200 FOR I = 1 TO 100 s INPUT #1,M.T(I) 3 NEXT I s CLOSE P

1210 DX = 518.82 s OY = 300

1220 FOR I = O TO 85 STEP §

1230 SY(I+1)w0 3 SY(I+42)w2%DY 5 SY(I+3)wAMDY ¢ SY(I+4)mDY 3 SY(X+5)=30Y
1240 NEXT I

1280 7= 0

1280 FOR I » O TD 38 STEP 2

1270 SX(J+1)mI*DXaSX(J42)wINOXuSX(I+3)=I"DXeSX(J44)u(I+1)%DX 20X (T+5)m(I+1)%DX
1280 J = J48

1290 NEXT I

1300 RETURN
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Appendix L. Results of Dust Shielding Analyais

The following table presents data which shows
that the geometric treatment of dust shielding does not
affect the transmittance to any missiles of interest
(l.e., missiles past #31). The values of ¢ given are the
maximum values reached during a four-burst, l-cell CEP

scenario,

TABLE L~I
RESULTS OF DUST SHIELDING ANALYSIS

Missile launch tims: 0 sec
Time of first burst: 0 sac

l~-cell CEP
Fireball rise considered

$>20°: T w 0
Maximum ¢ (°) for Burst § .
Mismile # 1 2 3 4

11 27.4 18.9 9.5 1.5
14 22.9 l6.1 8.4 1.2
15 22.1 16.1 8.7 1.1
16 19.9 13.6 7.0 1.0
21 15.5 10.6 5.8 0.7
31 10.7 7.3 3.9 0.5
41 8,2 5.6 2.9 0,3
51 6.8 4.5 2.4 0.3
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